BEST AVAILABLE COPY 

Remarks 

Amendments 

Claims 27 and 56 have been amended to recite "m vitro'' methods of treating cells by 
administering a therapeutically effective amount of antisense oligonucleotides. The specification 
supports the amendment at page 10, lines 22-24: "According to another embodiment of the 
invention, interference v^ith the expression of MDM2 provides a therapeutic modality. The 
method can be applied in vivo , in vitro , or ex vivo ." 

The amendment thus introduces no new matter. 

The Rejection of Claims 27. 28, 56. 58. and 60 Under 35 U.S.C. $ 1 12. First Paragraph 

Claims 27, 28, 56, 58, and 60 have been rejected under 35 U.S.C. § 1 12 first paragraph as 
not adequately described by the specification. Claims 58 and 60 are canceled. Applicants 
traverse the rejected as applied to amended claims 27, 28, and 56. 

Claims 27 and 56 are the independent claims of the rejected claim set. Claim 27 is 
directed to an in vitro method of treating a neoplastic cell. Claim 56 is directed to an in vitro 
method of treating a cell having an amplified human MDM2 gene, elevated expression of human 
MDM2 mRNA, or elevated expression of human MDM2 protein. Both methods comprise a step 
of administering to the cell a therapeutically effective amount of antisense oligonucleotides 
v^hich are complementary to human MDM2 mRNA and which inhibit transcription or translation 
of a human MDM2 gene. 

The Office Action asserts that the claims are not adequately described because the 
specification fails to provide a sufficient number of representative species of antisense 
oligonucleotides that will fimction in the claimed methods. The Office Action asserts: 
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The specification discloses no examples of antisense 
oligonucleotides, thereby failing to set fortti any representative 
species of antisense oligonucleotides fi"om within the broad genus 
of antisense oligonucleotides as claimed. Moreover, neither the 
specification nor a search of the prior art at the time the invention 
as made, provides or points to a specific structure of an antisense 
oligonucleotide, as claimed, that would correspond with the 
fimction as claimed. The specification does not disclose any 
distinguishing identifying characteristics of the genera of antisense 
oligonucleotides which can be of any degree of complementarity to 
any hxmian MDM2 mRNA . . . Additionally, the disclosure of the 
specification provides no specific guidance as to how one skilled in 
the art might be reasonably led to a particular species of the 
invention that would function commensurate with tiie scope [of] 
what is now claimed, such that the invention would be complete 
and ready for patenting. 

Office Action at page 6, lines 4-21 . 

To satisfy the written description requirement of 35 U.iS.C. § 112, the specification must 
describe the claimed invention in sufficient detail that one skilled in the art can reasonably 
conclude that the inventor had possession of the claimed invention. Vas-CatK Ina v. Mahurkar, 
935 F.2d! 1555, 1563-1564 (Fed. Cir. 1991). A specification need not disclose what is well 
known to those skilled in the art and preferably omits that which is well known to those skilled 
and already available to the public. In re Buchner, 929 F.2d 660, 661 (Fed. Cir. 1991); 
HybritecK Inc, v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384 (Fed. Cir. 1986). 

One of skill in the art, at the time the application was filed, would have understood that 
the inventors had possession of the recited "antisense oligonucleotides which are complementary 
to human MDM2 mRNA" for use in the claimed in vitro methods of treating cells. The 
specification discloses the coding sequence of a human MDM2 gene at SEQ ID NO: 2. One of 
skill in the art would have understood that applicants had possession of a human MDM2 mRNA 
sequence based on the disclosure of the coding sequence of a human MDM2 at SEQ ID NO: 2; a 
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human MDM2 mRNA sequence is a nucleotide sequence coding for human MDM2. One of 
skill in the art also would have understood that applicants had possession of sequences 
complementary to the human MDM2 mRNA sequences because one of skill in the art was 
apprised of the well-known rules of complementary base pairing, Le,, A is complementary to T 
and G is complementary to C. The Office Action asserts that the specification does not disclose 
any distinguishing identifying characteristics of the genera of antisense oligonucleotides which 
can be of any degree of complementarity. The claims recite that the antisense oligonucleotides 
are "complementary to human MDM2 mRNA." An antisense oligonucleotide that is 
complementary to human MDM2 mRNA is one that follows the rules of complementary base 
pairing for each nucleotide in the antisense oligonucleotide sequence. There are no degrees of 
complementarity. 

Furthermore, one of skill in the art would have understood that applicants had possession 
of oligonucleotides comprising a nucleotide sequence complementary to the human mRNA 
sequences and 'Vhich [would] inhibit transcription or translation of a human MDM2 gene" 
because the synthesis of such oligonucleotides was also well-known in the art at the time the 
application was filed. Exhibits A-L demonstrate that antisense oligonucleotides complementary 
to a selected mRNA and that inhibited gene transcription or translation were readily made based 
on the sequence of the gene before the effective filing date of the application, April 7, 1992. 

Burch et al (J, Clin. Invest 88 (1991): 1190-1196; Exhibit A) teach successful synthesis 
and use of antisense oligonucleotides to block interleukin (IL)-l receptor expression in cultured 
cells. Burch et aL teach: "We have demonstrated that oligodeoxynucleotides antisense to the IL- 
1 receptor block the expression of IL-1 receptors and the biological effects of IL-l on cultured 
cells." Page 1194, column 1, lines 10-12. Thus, Bxarch et al teach antisense oligonucleotides 
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complementary to a selected mRNA, e.g., IL-1 receptor, inhibited transcription or translation of a 
gene. 

Harel-Bellan et al (J. Exp. Med. 168 (1988):2309-2318; Exhibit B) teach successful 
synthesis and use of antisense oligonucleotides to inhibit expression of IL-2 and IL-4 genes in 
mouse helper T cell clones: "We have used synthetic oligonucleotides complementary to the 5' 
end of mouse IL-2 and IL-4 to specifically block the biosynthesis of IL-2 or IL-4 in two murine 
helper T cell clones from the Thl or Th2 subset . . . Northern analysis, using cDNA probes 
specific for the two lymphokines, showed a decrease in the steady-state level of the relevant 
lymphokine mRNA." Page 2316, lines 2-13. Thus, Harel-Bellan et al teach the synthesis of 
antisense oligonucleotides complementary to IL-2 and IL-4 mRNA which inhibited transcription 
or translation of IL-2 and IL-4 genes. 

Hambor et al {Proc. Natl Acad. ScL USA. 168 (1988):1237-1245; Exhibit C) teach 
successfiil synthesis and use antisense oligonucleotides to inhibit CDS gene expression in a 
human cytotoxic T-cell clone. Hambor et al teach, "Effective (>95%), selective, and reversible 
anti-sense RNA-mediated gene inhibition of a model T-cell-associated molecule (CDS) was 
achieved in a cytotoxic human T-cell clone by using an EBV episome-based, RSV 3' LTR- 
driven expression system." Page 4010, lines 8-12 of the abstract. Thus, Hambor et al teach an 
antisense oligonucleotide complementary to CDS mRNA that inhibited transcription or 
translation of the CD8 gene. 

Simons et al (Cir Res. 70 (April 1, 1992):835-843; Exhibit D) teach successful use of 
antisense oligonucleotides to inhibit nonmuscle myosin heavy chain (NMMHC) and c-myb 
expression in smooth muscle cells (SMCs) in vitro. Simons et al, teach, "We have used 
antisense nonmuscle myosin heavy chain (NMMHC) or c-myb phosphorothiolate 
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oligonucleotides to inhibit proliferation of SMCs in vitro. The suppression of growth in 
accompanied by reductions in the concentrations of NMMHC and c-myb mRNAs as well as 
decreases in the levels of the corresponding proteins." Lines 5-9 of the abstract. Thus, Simons 
et aL teach the synthesis of antisense oligonucleotides complementary to NMMHC and c-myb 
mRNA which inhibited transcription or translation of NMMHC and c-myb genes. 

Watson et aL (Cancer Res, 51 (1991):3996-4000; Exhibit E) teach that antisense 
oligonucleotides targeted to c-myc inhibited c-myc expression in MCF-7 cells in vitro. Watson 
et aL teach: "Estrogen induces a 5-fold increase in c-myc protein expression within 90 min in 
steroid-deprived cells, as detected by Western blot. Prior exposure of MCF-7 cells in 10 microM 
c-myc antisense oligonucleotide results in up to 95% inhibition of the c-myc protein expression 
induced by estrogen." Lines 7-10 of the abstract. Thus, Watson et aL teach that an antisense 
oligonucleotide complementary to c-myc mRNA inhibited transcription or translation of the c- 
myc gene. 

Sankar et aL {Eur. J, Biochem, 184 (1989):39-45; Exhibit F) teach several antisense 
oligonucleotides that inhibited encephalomyocarditis virus RNA translation in vitro, Sankar et 
aL teach, "We report the inhibition of encephalomycarditis virus (EMCV) RNA translation in 
cell-free rabbit reticulocyte lysates by antisense oligonucleotides (13-17-base oligomers) 
complementary to (a) the viral 5' non-translated region, (b) the AUG start codon and (c) the 
coding sequence." Lines 1-4 of the abstract. Thus, Sankar et aL teach three antisense 
oligonucleotides complementary to encephalomyocarditis virus RNA that inhibited transcription 
or translation of the encephalomyocarditis virus RNA. 

Harel-Bellan et aL {J, ImmunoL 140 (1988):2431-2435; Exhibit G) teach that an 
antisense oligonucleotide targeted to c-myc inhibits expression of c-myc protein in cell lines in 
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vitro, Harel-Bellan et al teach, "The oligonucleotide specificity blocked the de novo synthesis 
of c-myc protein, induced by PHA in human resting peripheral T cells, without impairing the 
overall synthesis of other proteins." Lines 4-7 of the Abstract. Thus, Harel-Bellan et al teaches 
inhibition of transcription or translation of a c-myc using an antisense oligonucleotide 
complementary to c-myc *s second exon. 

Goodchild et al (U.S. Patent No. 4,806,463 filed May 23, 1986; Exhibit H) teach that 
antisense oligonucleotides targeted to HTLV-III nucleotide sequences inhibit HTLV-III gene 
expression and virus replication. Goodchild et al teach, "Using the oligodeoxynucleotide 
sequences described above and in Example 3, it was possible to inhibit HTLV-III replication and 
gene expression in HTLV-III-infected cells in tissue culture." Colunm 6, lines 15-18, see also 
Example 3 and Table 1. Thus, Goodchild et al. teach successful synthesis of antisense 
oligonucleotides complementary to an HTLV-III nucleotide sequence that inhibit transcription or 
translation of genes. 

Morrison (J. Biol Chem. 266 (1991):728-734; Exhibit I) teaches that antisense 
oligonucleotides targeted to basic fibroblast growth factor (bFGF) mRNA inhibit bFGF expression 
in vitro, Morrison teaches that "antisense primer AS-1 (35 \M) significantly reduced bFGF 
expression in SNB-19 cells. The 67% reduction in bFGF content was paralleled by a 55% reduction 
in cell number (data not shown), implying that inhibition of SNB-19 cell growth was directly related 
to the loss of bFGF." Page 731, colunm 1, lines 16-20. Thus, Morrison also teaches yet another 
antisense oligonucleotide complementary to an mRNA sequence inhibited gene transcription or 
translation. 

Sumikawa et al (Proc, Natl Acad ScL USA 65 (1991):213-219; Exhibit J) teach the 
successfiil use of each of four antisense oligonucleotides to inhibit transcription or translation of the 
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acetylcholine receptor coding sequence. Sumikawa et al. teach: "Four antisense RNAs, synthesized 
from cDNA clones coding for the four subunits of the acetylcholine receptor of Torpedo 
electroplaques, were used to study their effect of the expression of functional Torpedo acetylcholine 
receptors in Xenopus oocytes. All antisense RNAs inhibited the appearance of functional receptors 
in the oocyte's sxirface membrane for at least 1 week." Page 1302, lines 1-7 of the abstract. 
Sumikawa et aL teach four antisense oligonucleotides that were successftilly synthesized to inhibit 
transcription or translation of acetylcholine receptor mRNA. 

Draper (U.S. Patent No. 5,004,810 filed September 30, 1988; Exhibit K) teaches that 
antisense oligonucleotides inhibit herpes simplex virus (HSV) replication in cell culture by 
inhibiting viral gene expression. Draper teaches, "When LTK-cells were pretreated with oligo 
293, infected with HSV, then incubated in the presence of oligodeoxyribonucleotide, yields of 
infectious virus were reduced 50-82% as compared to control levels produced in untreated (no 
oligo) cells (Table 2)." Colunm 13, lines 10-15. Draper further teaches that this inhibition of 
viral replication is due to an inhibition of viral gene expression. Draper teaches, "Thus it would 
seem that complementary oligodeoxyribonucleotides can be targeted to specifically hybridize to 
the initiation region for Vmw65 translation and to inhibit viral gene expression." Column 14, 
lines 35-49. Thus, Draper also teaches that antisense oHgonucleotides complementary to 
Vmw65 mRNA inhibited viral gene transcription or translation. 

Flood et al (J. Exp. Med. 172 (1990):1 15-120; Exhibit L) teaches that antisense 
oligonucleotides targeted to Ly-6A mRNA inhibit expression of the Ly-6A protein in cells in vitro. 
Flood et al. teaches "Antisense oUgonucleotides complementary to the 5' end of the mRNA 
encoding the Ly-6A protein were used to block the expression of the protein. Using this approach 
we could inhibit the expression of Ly-6A by 60-80% in antigen-primed lymph node (LN) T cells as 
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well as in the DIO T cell clone." Page 115, lines 1-4 of the abstract. Thus, Flood et al teach a 
further antisense oligonucleotide complementary to a selected mRNA, which inhibits transcription 
of translation of the gene. 

As can be seen by Exhibits A-L, it was known in the art at the time the application was filed 
that antisense oligonucleotides capable of inhibiting transcription or translation of a gene could be 
successfully synthesized and used. Thus, the application disclosure of a coding sequence of human 
MDM2 at SEQ ID NO: 2 would have conveyed to one of skill in the art that appUcants had 
possession of "antisense oUgonucleotides which are complementary to human MDM2 mRNA and 
which inhibit transcription or translation of a human MDM2 gene" in the claimed in vitro methods 
of treating cells. The claims are therefore adequately described. 

Applicants respectfully request withdrawal of this rejection. 

The Rejection of Claims 27, 28, 56. 58, and 60 Under 35 U.S.C. S 1 12, First Paragraph 

Claims 27, 28, 56, 58, and 60 have been rejected xmder 35 U.S.C. § 1 12 first paragraph as 
not enabled. Claims 58 and 60 are canceled. Applicants traverse the rejection as it is applied to 
amended claims 27, 28, and 56. 

To satisfy the enablement requirement, the specification of a patent must teach those 
skilled in the art how to make and use the full scope of the claimed invention without undue 
experimentation. In re Wright, 999 F.2d 1557, 1561 (Fed. Cir. 1993). That some 
experimentation may be required is not fatal; the issue is whether the amount of experimentation 
required is ^^mdue." In re Vaeck, 947 F.2d 488, 495 (Fed. Cir. 1991). The test is not merely 
quantitative, because a considerable amount of experimentation is permissible if the 
experimentation is merely routine or if the specification in question provides a reasonable 
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amount of guidance with respect to the direction in which the experimentation should proceed. 



In re Wands, 858 F.2d 731, 737 (Fed. Cir, 1988). 

The Office Action asserts that the claims are not enabled because the specification does 

not provide examples of antisense oligonucleotides that inhibit transcription or translation of 

human MDM2 mRNA or guidance as to how to identify these antisense oligonucleotides. The 

Office Action asserts: 

The specification as filed provides no support for claims to 
methods of treatment comprising administering antisense 
oligonucleotides of the invention that inhibit the transcription of 
translation of human MDM2 mRNA. The specification as filed 
provides no examples of treatment comprising administering 
antisense oligonucleotides of the invention and no guidance as to 
how to make or use the antisense oligonucleotides of the invention 
that will function to provide a treatment as claimed . . . Moreover, 
the specification as filed provides no specific guidance that would 
allow the skilled artisan to recognize antisense oligonucleotides 
that will function in the methods of treatment as claimed. 

Office Action at page 10, line 17 to page 11, line 10. The Patent Office further cites references 

Agrawal, Rojanasakul, Opalinska, Jen, and Check as evidence that the claims are not enabled. 

The Office Action asserts: 

At the time the instant invention set forth in claims 27, 28 and 56 
was made and even 6 years later, at the time the invention set forth 
in claims 56 and 58 was made, such obstacles [problems with 
delivery (including uptake by cells) and target accessibility] were 
still relevant to the enablement of antisense inhibition of gene 
expression in vitro (see below: Agrawal et al., Rojanaskul, 
Opalinka et al, Jen et al., and Check). 

Office Action at page 11, lines 18-23. 

The Agrawal, Rojanaskul, Opalinska, Jen, and Check references teach obstacles to using 

antisense oligonucleotides in vitro. However, the Agrawal, Rojanaskul, Opalinska, Jen, and 

Check references also teach that despite these obstacles, antisense oligonucleotides 
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complementary to a nucleotide sequence successfully inhibited a gene's transcription or 
translation in vitro, 

• Opalinska teaches: 

Another problem in this field is the limited ability to deliver 
nucleic acids into cells and have them reach their target , . , After 
internalization, confocal and electron microscopy studies have 
indicated that the bulk of the oligonucleotides enter the endosome- 
lysosome compartment, in which most of the material becomes 
either trapped or degraded , . . Nevertheless, oligonucleotides can 
escape fi-om the vesicles intact, enter the cytoplasm and then 
diffuse into the nucleus, where they presxjmably acquire their 
mRNA, or in the case of decoys, protein target. 

Page 511, column 2, lines 13-29. Opalinska also teaches, "Nucleic-acid-mediated 
gene silencing has been used with great success in the laboratory." Page 511, 
column 1, lines 11-12. 

• Rojanaskul teaches, at Table 1, of twenty-seven references which teach inhibition 
of a gene's transcription or translation with antisense oligonucleotides. 

• Check teaches, "RNAi may work like a charm in Petri dishes — ^but what about in 
live animals?" Page 11, colunm 1, lines 6-7. 

• Agrawal teaches, "There are numerous examples in which PS-oligonucleotides of 
varying lengths and base compositions have been employed to inhibit the 
translation of cellular or foreign gene by an antisense mechanism." Page 73, 
colimm 1, lines 8-11. 

Thus, Agrawal, Rojanaskul, Opalinska, Jen, and Check teach that antisense oligonucleotides 
complementary to a nucleotide sequence are able to inhibit a gene's transcription or translation 
despite any potential obstacles to the use of the antisense oligonucleotides in vitro. 

Furthermore, and contrary to the assertion in the Office Action, one of skill in the art 
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would have been able to make and use the recited "antisense oligonucleotides which are 
complementary to human MDM2 mRNA and which inhibit transcription or translation of a 
himian MDM2 gene" in the claimed methods without resorting to undue experimentation. It was 
well known in the art, at the time the application was filed, how to make and use antisense 
oligonucleotides complementary to an mRNA sequence which inhibited transcription or 
translation of the mRNA's corresponding gene. Before the effective filing date of the 
application, April 7, 1992, the art taught how to make and use antisense oUgonucleotides that 
inhibited transcription or translation of a target gene based on the target gene's sequence. See 
Exhibits A-L, discussed briefly below: 

• Burch et aL (Exhibit A) teach that antisense oligonucleotides to the IL-1 receptor 
gene block its expression in cultured cells in vitro. 

• Harel-Bellan et al, (Exhibit B) teach that antisense oligonucleotides targeted to IL-2 
and IL-4 genes inhibit IL-2 and IL-4 gene expression in mouse helper T cell clones. 

• Hambor et al (Exhibit C) teach that antisense oligonucleotides targeted the CDS gene 
inhibit CDS gene expression in a human cytotoxic T-cell clone. 

• Simons et al (Exhibit D) teach that antisense oligonucleotides targeted to nonmuscle 
myosin heavy chain (NMMHC) and c-myb genes inhibit NMMHC and c-myb 
expression in smooth muscle cells (SMCs) in vitro. 

• Watson et al (Exhibit E) teach that antisense oligonucleotides targeted to c-myc 
inhibited c-myc expression in MCF-7 cells in vitro. 

• Sankar et al (Exhibit F) teach that antisense oligonucleotides designed to target 
encephalomycarditis virus genes inhibited encephalomyocarditis virus RNA 
translation in vitro. 

• Harel-Bellan et al (Exhibit G) teach that an antisense oligonucleotide targeted to c- 
myc inhibits expression of c-myc protein in human resting peripheral T cells in vitro. 

• Goodchild et al. (Exhibit H) teach that antisense oligonucleotides targeted to HTLV- 
III nucleotide sequences inhibit HTLV-III gene expression and virus replication in 
vitro. 

• Morrison (Exhibit I) teaches that antisense oligonucleotides targeted to bPGF inhibit 
bFGF expression in a SNB-19 cell line in vitro. 

• Sumikawa et al. (Exhibit J) teach four antisense oligonucleotides targeted to an 
acetylcholine receptor coding sequence that inhibited transcription or translation of the 



13 



acetylcholine receptor coding sequence in Xenopus oocytes in vitro. 

• Draper (Exhibit K) teaches that antisense oligonucleotides targeted to HSV inhibit 
HSV gene expression and replication in an LTK cell line in vitro. 

• Flood et al (Exhibit L) teaches that antisense oHgonucleotides targeted to the Ly-6A 
gene inhibit expression of the Ly-6A protein in LN and DIO cells in vitro. 

Exhibits A-L demonstrate that at the time of the invention the skilled artisan knew how to 
make and use antisense oligonucleotides that inhibited a gene's transcription or translation. It 
therefore would not have required undue experimentation for one of skill in the art to make and use 
"antisense oligonucleotides which are complementary to human MDM2 mRNA and which inhibit 
transcription or translation of a human MDM2 gene" for use in the claimed methods. Furthermore, 
any experimentation that would have been required to identify the recited antisense oUgonucleotides 
would merely have been routine. As demonstrated in Exhibits A-L, the art routinely engaged in 
experimentation using antisense oligonucleotide that inhibited transcription or translation of a gene. 
The claimed methods are therefore enabled. 

Applicants respectfully request withdrawal of this rejection. 

The Rejection of Claims 58 and 60 Under 35 U.S.C. $ 102(e) 

Claims 58 and 60 are rejected xmder 35 U.S.C. § 102(e) as being anticipated by Miraglia 
et al (U.S. Patent Number 6,184,212). Claims 58 and 60 are canceled by this amendment. 
Thus, the rejection is moot. 

Applicants respectfully request withdrawal of this rejection. 



Dated: May 31, 2005 
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Abstract 

Phospbodiester and phospborodiloate oligodeoxynacleoddes 
(18 men) were onstnicted antisense to sequences jif |hejre- 
.cently cloned maiiiMf^ 

f^^b^nrailn^lw^^ 

receptor were without effect Moreover, marine antisense o&go- 
nodeotides did not affect tumor necrosis factor- or Inadykinin- 
sti m n l a t ed PGE3 synthesis by marine filmbbists. I^mlhurly, 
antisense oUgonndeotides to the homan, bat not die marine, 
IL-1 receptor Inhibited IL-l-stimalated PGE3 synthesis by 
coltared human fibroMasts. The attoroatlon of the cellaUr re- 
sponse to ILrl caused by the antisense oUgonodeotides corre- 
lated with a loss in cell surface receptors for IL-1, without any 
change in the immber <^ iHadykinin receptors on diese ceils. 
When antisense oUgonodeoddes were encapsulated in lipo- 
somes, they blocked conq»letely the appearance of newly syn- 
thesized IL-1 receptors and IL-l-stimolated PGE, synthesis. 
In mice, subcutaneoos iitfecdon with an oUgonndeotlde anti- 
sense to the murine ILrl receptor markedly inhlMted die infil- 
tration of neutrophils in response to subseqoent iqiecdon of 
IL-1. These data suggest that antisense oUgodeoxynndeotides 
may share a role in the design of antiinflammatory dierapen- 
dcs. (/. a/a. Invest 1991. 88:1190-1196.) Key words: hiflam- 
madon • dermadtb • neutrophil infihradon 

Introduction 

IL-1, a cytokine released from a variety of cells in response to 
inflammatory insult, is implicated in the pathogenesis of sev- 
eral chronic inflammatory diseases, induding rheumatoid ar- 
thritis (1). IL-i eiidts its effects by binding to specific cell-sur- 
fricerecqitors on a broad spectrum ofoeU types. IL-1 receptors 
expressed by T lymphocytes, endothelial cells, and fibrobiast- 
like cells (so called type I receptors) are thought to be identical, 
whereas IL-l receptors on macrophages and B lymphocytes 
(type II receptors) are different (2-4). Recently, type I 11^ I 
reoeptois have been cloned finom human and murine T lym- 
phocyte and human fibroblasts (5-7) and the amino add se- 
quences were found to be highly conserved between spedes. 
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We wish to study the expression aiKl activation of IL-1 re- 
ceptors in cells and to assess the role of n^l in physiological 
and pathological processes. Evidence that 11^ 1 is implicated in 
the pathogeneas of certain inflammatory diseases has gener- 
ated great interest in devdoping therapeutic agents which in- 
hibit the biological e^cts of this cytokine. Antisense oligo- 
deoxynudeotides present a potential altemative therapeutic 
approach. Antisense oUgodeoxynudeotides have been used to 
block translation of proteins both in oell-free translation sys- 
tems and in cultured cells (8). Use of natural phosphodiester- 
containing oligonucleotides (O'-oligos) in studies using intact 
cells or aiumals is limited by their r£^d metabolism by endoge- 
nous nudeases (9). However, pho^horotbioate oligonudeo- 
tides (S-oligos) are more nudease-resi^ant (10), making them 
potentially useful in vivo, even though they are taken up into 
cells more slowly (9). To dato, however, most studies using 
antisense oligodeoxynucleotides have focused on the inhibi- 
tion of expression of viral genes and oncogenes. To assess the 
capability that these agents may possess to modulate cytokine- 
mediated responses, we have designed ^pede&^)ecific oligo- 
deoxynucleotides antisense to mRNA sequences for the hu- 
man and murine H^I receptors. We have used these agents to 
study aspects of cellular and spedes-spedfic targeting and their 
ability to attenuate IL-l mediated responses in vitro. In addi- 
tion, we have extended these findings to an in vivo modd of 
cytokine-mediated inflammation to block neutrophil infiltra- 
tion in response to local administration of 11^ I in mouse der- 
mal tissue. 

Methods 

Cellculture. 3T3 fibroblasts were cultured as described in DMEM sup- 
plemented with 10% calf serum (1 1) to confluency in 96-weU plates. 
Human dennal film>bla$ts were obtained fiom Oonetics Corp., San 
Diego, CA, and were cultured in DMEM containing 10% fictal bovine 
senun. 

IL-l binding. lL-1 binding experiments were performed as de- 
scribed (12). Confluent cultures in 24-well plates were washed twice 
with HBSS containing 20 mM Hepes, pH 7. To each dish was added 
200 Mlice^ldHBSS containing 20 mMHepes, 1 mg/ml BSA, and SO 
nCi human recombinant ('^HIL-la (New England Nuclear, Boston, 
MA). For Scatchard analyses, unlabded IL- la (Boefaiinger Mannheim 
Cbrp., Indianapolis, IN) was added to vary concentration. Nonspecific 
binding was determined in ttie presence of 2 nM IL-1/? (Boehringer 
Mannheim). To terminate experiments, the cultures were incubated on 
toe for 60 min, then each culture was washed four times with 10 ml 
ice-cold HBSS containing 1 mg/ml BSA. Cells were removed from 
iriates using HBSS containing trypsiiL Cell-associated radioactivity was 
determined using a gamma counter and was 3,000 dpm/weU in the 
absence of added unlabeled IL-l and 100-lSO dpm in the presence of 2 



1 . Abbreviations used in this paper: h, human; m, murine; O, phospbo- 
diester, S, phosphorothioate. 
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nM unlabeled IL-lj9. and maximal binding capacity (B^) were 
detennined using LIGAND (Biosoft, Milttown, NJ) (13). 

Bradykinin binding. Bradyldnin receptor binding to oeH mem- 
branes was carried out as described ( 1 1 ). Cells were scraped into 100 vol 
of a buffer composed of 2S mM N-tns(hydn}xymethyl)methyl-2*amin- 
oethane-sulfonic add, 0.2 g/titer 1 , lO-phenanthroline, pH 6.8, and ho- 
mogenized using a Polytion Tissumizer (Brinkmann Instruments^ Inc., 
Westbury, NY)atsetting6 for IS s. The homogenatewascentrifugedat 
50,000 g for 10 min, the supernatant discarded, and the pellet resus- 
perKled into the same buffer also containing 1 g/liter BSA and 0.14 
g/titer bacitracin. To assay tubes were added [^HJbiadykinin, the 
amount of radioactivity being varied in the tubes to vary concentration 
for Scatcbard analysis. Nonspedfic binding was detennined in the pres- 
ence of 10 fM NPC S67, a bradyldnin antagonist (1 1). Assays were 
terminated by filtration through glass fiber filters that had been soaked 
in 2 g/liter polyeth^^eimine for I h, and washed four times with 4 ml 
of ic&<»ld 50 mM Tris, pH 7.4. 

FGEj synthesis, VGEi ^'vas quantitated finom direct aliquots of me- 
dia uang a radioimmunoassay as previoudy described for these cells 
and media (11). Reagents were firom Advanced Magnetics, Inc., Cam- 
bridge, MA, and control experiments demonstrated that none of the 
experimental agents (IL- 1 , tumor necrosis fector, bradykinin, or anti- 
sense oligonudeotides) affected the assay. 

Liposomes. Liposomes were constructed of i^osphatidylserine 
( 14X loaded with oligonucleotides, and fused to the cells (9). Phosphati- 
dyiserine (Avanti Polar Lipids, Inc., Birmingham, AL), 5 mg in I ml 
chloroform, was placed into a spherical flask and, under a nitrogen 
atmosphere, the chloroform was removed using a rotary evaporator, 
leaving a film of lipid. The lipid was resuspended in 0.2 ml EDTA 
bufer (100 mM NaCl, 2 mM histidine, 2 mM Tris add, 0.1 mM 
EDTA, pH 7.4) with vigorous vortexing to form multilamellar vesides. 
Then CaOj was added to 10 mM to form codileate bodies. Oligonude- 
otide was added and the mixtures were allowed to stand at room tem- 
perature for I h. EDTA was then added to 1 5 mM and the pH adjusted 
to 7 to cause liposome formatioiL This solution was allowed to stand 
for 30 min. Liposomes were concentrated by centrifugation at 100,000 
g for 30 min at room temperature and gently washed with HBSS. For 
Upofiiaon, cells were rinsed with HBSS, then incubated in HBSS con- 
taining 2 mM caldum and 0. 1 mM magnesium for 30 min. Liposomes 
were added to a concentration of 1 .25 mg/ml lipid and incubated for 30 
min. To the cultures was then added a volume of polyethylene glycol 
(6,000 average molecular mass) equal to the sah solution in the well 
(resulting in 50% polethylene glycol) for 1 min, foDowed by addition of 
culture medium containing serum, and careful washing of the wdls 
three times to remove the polyethylene g^ooL In an experiment to 
determine the effidency of oligonucleotide incorporation, oligonudeo- 
tide was "P-endlabded before incorporation into liposomes. After one 
wash 12% of radioactivity was retained in the liposome pellets. Re- 



peated washing demonstrated that 6-7% of radioactivity was stably 
retained. 

Labeling neutrophils. In the experiments in mice, in vivo, the day 
before IL-1 was to be admirustered, animals recdved 10 |cO pHlthy- 
midine Lp. to labd drculating neutrophils. Using this method, 24 h 
after injection, virtually all radioactivity in the blood is contained 
within the DNA of neutrophils (15). Hair was shaved from the backs 
before the b^inning of the experiment IL-l was administered intra- 
dermally I cm lateral to the spine and, 4 h later, animals were killed by 
cervical dislocation. Sldn was removed and 8 mm punch biopsies were 
obtained. These were dissolved in Protosol (New England Nuclear) 
overnight, then radioactivity was determined by liquid scintillation 
counting. Background radioactivity was determined by taking biopsies 
finom areas that had been ir^ected intradcrmally with saline not con- 
taining n^l. Each animal served as its own control in that murine 
antisense oUgonudeotides were injected on one side of the midline 
whereas on the other side, injections contained the human antisense 
(^igonudeottde, which is inactive in mouse cells in culture (see Re- 



§1 Oligonucleotides. Oligodeoxynucleotides were synthesized (Synth- 
ecell Corp., Rockville, MD) complementary to unique spedes-spedfic 
coding r^ons of mRNA for murine and human IL-l receptors. These 
induded 18-base regions at the initiation codon (mOoligo-1,5- 
CACTTTCATATTCTCCAT, complementary to bases -57 to -40 of 
the murine sequence [6], and mS-oligo-1, the analogous phosphor- 
othioate analog; hO-oligo-l,5'-TCTGAGTAACACTTTCAT, comple- 
mentary to bases -5 1 to -34 of the human IH receptor sequence [5], 
and hS-otigo- 1 , the analogous phosphorothioate analogue), an internal 
open reading frame site (mS-oUgo-2, a pbo^horothioate analogue of 
sequence 5'<iAGACAAATGAGCCCCAG, complementary to bases 
-36 to - 19 of the murine sequence), and a r^on immediatdy 5' to the 
termination codon (inS-otigo-3, a phosphorothioate analogue of se- 
quence 5'-GCCGAGTGGTAAGTGTGT complementary to bases 
1654-167 1 of the murine sequence). Two sense phosphorothioate oli- 
gonudeotides were used, equivalent to mS-oligo-1.5'-ATGGAGAA- 
TATGAAAGTG. and hS-oligo-1.5'-ATGAAAGTGrrACTCAGA as 
controls. 



Results 

Time course for inhibition of IL-l~stimtdaied PGEj synthesis 
by antisense oligonucleotides. In initial experiments, both mO- 
oligo-1 and mS-oligo-l, 10 ^M, inhibited 11^ I -stimulated 
PGEj synthesis in cultures of murine fibroblasts grown in me- 
dia with serum that had been heat-inactivated to denature nu- 
cleases (16) (Fig. 1 A), The O-oligo was more acute in eflfect. 




Days incubation 



Figure I. Time course for inhibition of Il^l-stim- 
ulated PGEj synthesis by antisense oligonucleo- 
tides in murine fibroblasts. 3T3 fibroblasts were 
cultured to oonfluency, then 1 0 /aM mO-oligo- 1 , 
or mS-oligo-1 was added. After incubation for the 
indicated times, the media were replaced and IL- 
la, 100 U/ml was added, and cultures were incu- 
bated for 4 h. Then media were collected and as- 
sayed for PGEj. 11^1 stimulation in control cul- 
tures {filled bars)y and in cultures incubated with 
mOoligO- 1 {crossed bars) or mS-oligo-1 {stippled 
bars). Basal synthesis was 42-56 pg/wdl. •/* 
< 0.05 compared to no oligonucleotide by Stu- 
dent's / test for paired data. {A) Cuhures contained 
10% heat-inactivated calf scrum. {B) Cultures 
contained 10% calf serum that had not been heat 
inactivated. Data are mean±SEM for triplicate 
cultures. 
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while the effect of the S-oligo became more pronounced over a 
longer period of time. In culture media containing semm that 
had not been heat-iiuictivated the O-oligo was without effect, 
while the S-oligo was still capable of some inhibition of the 
biological effect of II^l (Fig. 1 B). 

Concentration response for inhibition of ILr^l-^imidated 
PGE2syrUh€^^^^ 
rela^\^ PQtendes of 

to^dififerent regtons of mRNA for II>t^e^^ mum 




l^|^as^3|^M^mS4op 

lated PGlEi viyi^ mSotigo-3, which is antisense to'k^se- 
quence near the termination codon of the 11^ 1 receptor 
mRNA, was without effect on IL- 1 -stimulated PGEj synthesis. 

Inhibition of IL- 1 receptor-mediated PGEj synthesis by the 
antisense oligonucleotides was selective. While mS-oligo-1 
blocked 11^ 1 -stimulated PGE2 synthesis, it was without effect 
on tumor necrosis factor- or bradykinin-induced PGEj synthe- 
sis. Tumor necrosis factor (Genzyme Corp., Cambridge, MA), 
10 nM, stimulated PGEj synthesis from 45±6 to 216±15 pg/ 
well in 4 h in control cultures, and from 38±10 to 210±18 
pg/well in cultures that had been incubated with 30 mM mS- 
oligo-1 for 2 d. Bradykinin, 1 mM, stimulated PGEj synthesis 
from 12±3 to 44±6 pg/well in 5 min, and from 1S±5 to 47±S 
pg/well in cultures incubated with 30 /iM mS-oligo- 1 for 2 d. In 
addition, neither hS-oligo-1, an antisense oligonucleotide di- 
rected to the initiation codon region of the human 11^ 1 recep- 
tor, nor the sense oligonucleotide complementary to mS-oligo- 
1 , had any effect on IL- 1 -stimulated FOE2 synthesis in murine 
fibroblasts (Fig. 2 and data not shown). Analogous to murine 
fibroblasts, the response of human dermal fibroblasts to IL-1 
was inhibited by incubation with hS-oligo-1, but not by mS- 
oligo-1 or the sense oligonucleotide complementary to hS- 
oligo-1 (Fig. 2 B and data not shown). 




Figure 2, Concentration response for inhibition of lL-1 -stimulated 
PGE2 synthesis by oligodeoxynudeotides in murine and human der- 
mal fibroblasts. Confluent cultures were incubated with the indicated 
Soligos for 48 h, then media were replaced and 11^ 1, 100 U/ml, was 
added and cuhures were incubated for 4 h before collection of media 
for assay of PGE,. {A) ILr 1 -stimulated PGE3 synthesis in 3T3 fibro- 
Uasts in the presence of mS-oligo-1 (■), mS-oligo-2 (•), mS-oligo-3 
(a), or hS-oUgo-1 (♦). Data are mean±SEM for triplicate cultures. {B) 
lUl -stimulated PGE3 synthesis in human dermal fibroblasts in the 
presence of hSoligo-1 (■) or mS-oligo-1 (•). Data are mean±SEM 
for triplicate cultures. *P < O.OS compared to no oligonucleotide. 



Antisense oligonucleotides reduce expression of IL-1 sur- 
face receptors. The attenuation of the cellular response to IL-1 
caused by the antisense oligonudeotides correlated with a loss 
in cdl surfoce receptors for 11^1 in murine fibroblasts. The 
number and affinity of II^l rec^tors wm assessed in murine 
fibroblasts treated with mS-oligo-1 for 48 h and compared to 
control fibroblasts. Scatchard analysis demonstrated that the 
affinity of IL-1 receptors was not altered by treatment with 
mS-oligo- 1 , but receptor number was decreased to only 55% of 
control (Fig. 3). In contrast, mS^ligo- 1 did not affect the num- 
ber of receptors for bradykinin (Fig. 4), demonstratiiig that the 
effects of the antisense oligonucleotides were specific to the 
II^l receptor and not due to a cytotoxic effect on the cells. 

Encapsulation in liposomes enhcmces the activity of S-oli- 
gos. The time course over which antisense oligonucleotides in- 
hibited cellular responsiveness to IL- 1 may have reflected slow 
turnover of receptors at the cell sur&ce or slow uptake of the 
oligonucleotides, especially the Soligos, into cells. To gain in- 
sight into which mechanism was predominant, we enhanced 
delivery of hSoligo-l by liposome encapsulation and fusion to 
human dermal fibroblasts under conditions of steady-state (ba- 
sal) turnover of receptors and in cells undergoing rapid turn- 
over of their IL-1 receptors. Thus, in the latter case, we treated 
human fibroblasts for 18 h with 1 nM IL*1 to downregulate 
IL-l receptors and IL-1 was then removed to allow recovery of 
receptors via new receptor synthesis (17-19). We included hS- 
oligo-1 free in solution or encapsulated in liposomes, to deter- 
mine whether liposomal delivery of the oligonudeotide into 
cells could block recovery of responsiveness to H^l. In cells 
that had not been exposed to IL- 1 to initiate receptor turnover, 
these short-term incubations of cultures with dther finee hS- 
oligo-1 or mS-oligo-1 did not affect response to IL-1 as would 
be predicted from the data in Fig. 1. Of interest, exposure of 
cells during steady-state turnover of 11^1 receptors to lipo- 
some-encapsulated hS-oligo-l was also without ^ort-term ef- 
fect on response to II^l (Table I). If, however, cells were ex- 
posed to liposome-encapsulated hS-oligo-1 during a period of 
new receptor expression, complete blockade of the ability of 
cells to recover respondveness to activation of DUl receptors 
was observed. No effect of hSoligo-1 fiee in solution was seen 
under these conditions. 

Paralld with the studies of recovery of IL-1 responsiveness 
in the downregulated fibroblasts, we performed IL^l receptor 
binding experiments to assure that receptor number correlated 
with biological responsiveness. Receptor binding studies were 
carried out as in Fig. 3, but monitoring only specific binding as 
described (18). Thus, radiolabeled 11^1 (10 nO) was added to 
each well in the absence or presence of 2 nM imlabded II^l to 
account for nonspecific binding. Total specific binding was de- 
fined as binding in the presence of radiolabded IL-1 alone 
minus binding in the presence of 2 nM imlabded IL-1. Similar 
to the biological response, incubation of odls with IL- 1 for 1 8 h 
was assodated with a decrease in receptor nimiber which 
largely recovered 4 h after removing IL 1 (Table II). Adding 30 
/iMl^oIigo-1 free in solution to the cultures during the recov- 
ery period did not prevent recovery of receptor number, how- 
ever, enhandng the delivery of the oligonucleotide into the 
cells using liposomes completdy blocked recovery of IL-1 re- 
ceptors: in cdls to which empty liposomes had been fused at 
the beginning of recovery time, specific binding returned to 
control levels, while in cdls that had been fused with liposomes 
containing a final concentration of 30 ^M hS-oligo-l, spedfic 
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Figure 3. Scatchard analysis of binding of human recombinant n^la 
to cell surfece receptors on 3T3 fibroblasts Illustrated are results from 
a single experiment and (from three separate experiments) 
were 14S±26 pM and 1 .01db0.09 fmol (2,678 reoeptors/ocU) in control 
cultures (•) and 132±30 pM and O.S6±0.14 fmol in cultures incu- 
bated with mS^ligo-1 (30 mM for 2 d) (o). In cultures incubated with 
hSnoIigo-l, 30 mM, for 2 d« was t65±20 pM and was 
1.06±0.19frnol. 

binding was unchanged from downr^ulated levds. Thus the 
half-life of EL^ 1 receptors at the cell surface play a m^or role in 
the biological efficacy of antisense oligonucleotides although 
attenuation of expression of receptors is considerably aug- 
mented using liposome delivery under conditions of new re- 
ceptor synthesis. 

Antisense oligonucleotides block IL-1 effects in mice Addi- 
tional experiments were performed to determine whether the 
effects of the antisense oligonucleotides on IL- 1^ receptor func- 
tion in cultured cells could be extended in vivo to an animal 
model of cytokine-mediated inflammatory response. Subcuta- 
neous injection of II^l in mice causes neutrophil infiltration at 
the site of injection (20, 21). Mice were injected subcutane- 
ously with either mS-oligo-1 or hS-oligo-1 at 24-h intervals 
over a period of 3 d. 24 h before subsequent subcutaneous 




Bound, fmol 

Figure 4. Scatchard analyas of binding of bradyldnin to membranes 
from 3T3 fibroblasts. Illustrated are the results from a single experi- 
ment In membranes fi:om control cultures (•) (n = 3) there were 
2,960±410 receptors per cell with of 1 12±16 pM compared to 
3,O45±360 receptors per cell with of 125±20 pM in membranes 
firom cells incubated with 30 mM mSoliga- 1 (o) for 2 d. 



Table 1. Liposome Delivery of S-oiigos to Human Dermal 
Fibroblasts ILrl-iruiuced PGEj Synthesis 



Coodttkm PGEi 



Basal receptor turnover 

Basal 46±10 

IL-1 18 h, wash 8 h 52±12 

noIL-l,washwithmedia8h,II^l 4h 744±22 

no IL-1, incubate 8 h with liposome hS-oUgo-1. II^l 4 h 69S±48 

noIL-l,incubate8h with liposome mS-oligo-1, 0^1 4 h 718±42 

Receptor downregulation/aooelerated receptor reappearance 

11^1 18 h, wash 8 h, U^l 4 h 398±2S 

IL-1 18 h, wash 8 h with hS-oligo-l, II^l 4 h 38S±32 

IL-1 18 h, wash 8 h with mSnoligo-l, IL-1 4 h 376±36 

ILrl 18 h, wash 8 b with liposome hS-oligo-1 68±15 

lUl 18 h, wash 8 h with liposome mS-oligo-1. H^I 4 h 28S±40 

II^l 18 h, wash 8 h with liposome hSoligo-1, II^l 4 h 74±2S 



Data are mean±SEM of triplicate wells for each condition. Human 
derma! fibroblasts grown to confluency in senun-fiee media (Qone- 
tics C^orp.) in 96-weU plates were exposed to human reoomtnnant IL-1 
(Boehringer Mannheim), 100 U/ml, for 1 8 h. The cultures were then 
washed four times with media to remove ILrl and incubated in IL- 
l-free media for 8 h. The media contained oligonucleotides, 30 mM, 
or liposomes loaded with oligonucleotides, 30 fiM filial concentration 
in the culture weOs, as indicated. At the end of the 8-h incubation 
period cultures were washed twice and media replaced with culture 
media containing IL-1 (100 U/ml). Incubation was for 4 h, after 
which supematants were collected to quantitate PGE3. The media in 
control cultures were changed at the same intervals as the experi- 
mental cultures. 



injection of H^l to initiate neutrophil infiltration, the circulat- 
ing neutrophil population was labeled with ['H]thymidine 
(15). Significant reduction of IL-1 -stimulated neutrophil infil- 
tration was observed as eariy as 48 h, or two injections of mS- 
oligo-1. After three daily injections of mSoligo-l, IL-l-stimu- 
lated neutrophil infiltration was markedly reduced (Table III). 
In all these experiments, control injections, vehide or hS-oligo- 
1, were without effect Lack of effect of hS-oligo-1 , which con- 
tains a 5-base mismatch to the murine sequence, correlated 
well with results obtained in vitro described above. 

Discussion 

Antisense oligodeoxynucleotides are an attractive potential 
method to inhibit expression of cell-surfiace receptors and atten- 
uate cellular responsiveness. Few reports exist that use syn- 
thetic oligomers to target receptors in cells. Synthetic antisense 
RNA to the subunit of the nicotinic acetylcholine receptor in- 
hibited the expression of receptotnactivated currents when 
coinjected with Torpedo mRNA in Xenopus oocytes Anti- 
sense RNA truncated to cover more 5' sequences, how^^, was 
less effective than full-length RNA. A ^ngle oligocteoxynudeo- 
tide directed to 5' sequences also inhibited expression of recep- 
tors when it was premixed with Torpedo mRNA and coii\jected 
into oocytes. A more recent study found that antisense oligo- 
deoxy-nucleotides directed against the t- and /9<hains of the 
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Table JL Liposome Delivery of S^igos to Human Dermal 
Fibroblasts: IL-l Receptor Expression 



Coodhion 



Specific 
ff^TMf infl of 



Basal receptor turnover 
Basal 

Receptor downregulation/aocierated receptor reai>peara&ce 

IL-1 18 h, wash 

IL-l 18 h, wash, 4 h recovery 

IL-1 18 h, wash, 4 b recovery with hS^Ugo-l 

IL-1 18 h, wash, 4 h recovery with empty liposome 

IL-1 18h, wash, 4 h recovery with tiposomehS-oligo-l 



dpnt/weU 

657±62 

245±30 
S62±46 
S8S±60 
S60±38 
205±16 



Data are mean±SEM of triplicate wells for each condition. Human 
dermal fibroblasts grown to oonfluency in serum-fiee media in 96- 
well plates were exposed to II^l, 100 U/ml, for 18 h. The cultures 
were then washed four times with media to remove H^l and incu- 
bated in IL- 1-ftee media for 4 h. Binding was performed at the times 
indicated. 



murine T cell receptor wett effective in suppression of recovery 
of receptor-mediated function in T cell hybridomas that had 
been trypsinized to remove existing surface receptors (23). 

Since IL-1 receptor-mediated responses are implicated in 
the pathogenesis of certain inflammatory diseases, we wished 
to study the effects of antisense oligodeoxynucleotides on the 
expression and functional activation of IL^l receptors in cells 
under conditions more suitable to assess their potential for an- 




to which antisense oligonucleotides inhibited IL-1 stimulated 
PGE, synthesis in cultured fibroblasts varied with several Sui- 
tors. Ooligos, which are sensitive to degradation by nucleases, 
were inactive in serum-containing medium. In serum, which 



Table III. mS-oligo-l Inhibits IL-l-induced Neutrophil 
Infiltration in Mice 



Condition 


Vehide 


inS-olt«o-l 


hSoU0D-l 






[*HlTdr. dpm 




One injection 


4658±1135 


4425±1238 


4534±1286 


Two injections 


5082±720 


3512±410* 


482S±602 


Three injections 


5145±918 


3242+484* 


4795±14«6 



♦ P = 0.079. * P = 0.017. compared to vehicle, using Student's / test 
for unpaired observations. Mice received subcutaneous ii^iections of 
hS-oUgo-1 or mS-oUgo-1.3 imiol (25 fiXU or saline, daily into the same 
sites for one. two. or three injections. The day before IL 1 was to be 
administered, animals received ('H}thymidine i.p. to label circulating 
neutrophils (see Methods). Recombinant human IL- la, 1 .(XX) U. was 
injected into each site. After 4 h. animals were killed and punch 
biopsies were taken. Data are mean±SEM firom eight animals. Ra- 
dioactivity (< 1,000 dpm) in punch biopsies from sites injected with 
saline alone and not treated with ILl have been subtracted from 
each point 



had been heated to inactivate nucleases, the effect of Onoligos 
was comparable to nudease-redstant S-oligos with two distinc- 
tions: ^n^e the inhibition of 11^ 1 responsiveness occurred 
more rapidly, it was also more transient Our results are consis- 
tent with the observations that the specific tran^rt of CVoli- 
gos across cell membranes occurs rapidly, in contrast to SK)li- 
gos which may have greater affinity for the transporter and are 
released more slowiy into the cell interior (11). Whether the 
more transient inhibition observed with O-oligos was the con- 
sequence of an induction of nuclease activity remains to be 
determined. 

Size is an important consideration in the design of antisense 
oUgonudeotides. In subcellular preparations, it has been found 
that longer antisense oligonudeotides are more effective than 
shorter ones, presumably because binding is more thermody- 
namically favorable between longer complementary strands (8, 
24). In studies using intact cells this phenomenon is far less 
apparent due to the ineffident transport of long oligodeoxynu- 
deotides into cells (22, 25). We chose 18 mers since this size 
should yield absolute theoretical q)ecifidty for a single mRNA 
(26) wfcdle bdng still short enough to be tran^rted into cells. 

In addition to length, target sequences of antisense oUgonu- 
deotides play an important role in their biological efficacy. In 
general, antisense oligonucleotides directed to 5' regions of eu- 
caryotic mRNA, particularly near the initiation codon se- 
quences, are more effective than those directed to more 3' re- 
gions (8, 24). While in general agreement, our studies have 
extended these findings to show that even closdy adjacent tar- 
get sequences yield antisense oligonucleotides with strikingly 
different potendes. The most inhibitory murine S-oligo (mS- 
oligo-1; ICjo 3 fiM), directed to the initiation codon, was 10- 
fold more potent than mSoligo-2, directed some 20 bases 
downstream. The low micromolar potency observed in murine 
fibroblasts agrees well with that observed for S-oligos in a num- 
ber of studies (8). Moreover, strict spedes spedfidty of inhibi- 
tion was observed even though base mismatches varied from 
only two to five bases between murine and human IL-1 recep- 
tor sequences. Whether the inhibitory effects of antisense oligo- 
nudeotides are attributable to the d^radation of mRNA by an 
RNase H-like activity in cells (27) or to translational arrest (28) 
it seems likely that local secondary structure of mRNAs plays a 
critical role in the biolc^cal efficacy of these agents. 

In resting human dermal fibroblasts the antisense oligonu- 
cleotide only pooriy inhibited IL- 1 receptor expression after 48 
h incubation. However, deUvery of antisense oligonudeotides 
by encapsulation in liposomes and fusion to cells markedly 
increases thdr inhibitory potential, to essentially 100%. In our 
studies, however, we found this only to be true under condi- 
tions where new receptor synthesis predominantly accounted 
for cellular responsiveness. Thus protdn turnover irfays an im- 
portant role in the consideration of the use antisense agents in 
the inhibition of gene expression. The results obtained in the 
downregulation study with human dermal fibroblasts are con- 
sistent with an 1 1-h half-life for IL-1 receptors determined us- 
ing IL- 1 binding in cycloheximide-treated T lymphocytes ( 1 9). 

Evidence that IL^l plays a major role in the mediation of 
many chronic inflammatory diseases, induding rheumatoid ar- 
thritis (1), has generated great interest in developing agents 
which inhibit the biological effects of this cytokine. Approaches 
bdng explored include drugs that block secretion of IL-1 firom 
inflammatory ceUs (29-3 1), use of a soluble, recombinant ex- 
tracellular binding domain of the IL-1 receptor to bind and 
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deplete diculating cytokme (32), and competitive antagonism 
of the IL-1 receptor (33-35). Several proteins that compete 
with IL- 1 for its receptor have been cloned (34, 35); at least one 
is bdng investigated as a potential therapeutic agent. 

Antisense oligonucleotides present an attractive therapeu- 
tic ^proach predominantly due to their nonpeptidic nature 
and potential to be absolutely specific. Because the effect of 
ILrl in skin is highly localized to the site ofinjection this was an 
attractive model in which to test the ability of antisense oligonu- 
cleotides to inhibit H^I receptor-mediated refuses. Of great 
interest, therefore, was the observation that antisense oligo- 
deoxynudeotides directed against IL-1 receptors blocked II^l 
stimulated neutrophil infiltration in vivo, one of a number of 
cellular refuses in the complex cytokine-mediated inflamma- 
tory cascade in mouse dermal tissue. Injection of IL- 1 into skin 
is associated within a few hours with infiltration of neutrophils 
into the site (20, 2 1 ) without edema (21). This effect of IL- 1 is a 
consequence of the activation of type I IL- 1 receptors on endo- 
thelial cells and subsequent increase in the number of adheaon 
molecules expressed by these cells (21, 36. 37). It is equally 
likely that activation of n^l receptors increases synthesis of 
chemotactic eicosanoids by connective tissue cells. These cells 
would be a primary target of the murine antisense oligonucleo- 
tides employed in our studies. It is unlikely that IL-1 receptors 
on neutrophils would have been affected as these cells are 
thought to exclusively express type n IL- 1 receptors which have 
been recently demonstrated by cloning to share only ^ 28% 
amino acid homology to the type I receptor (38). In addition, it 
is unlikely that intradermal antisense oligonucleotide would 
have significant access to neutrophils in the blood. While fu- 
ture studies are underway to identify the cell types in mouse 
dermal tissue that were targets of antisense oligonucleotides to 
the 11^ 1 receptor, this is the first report of the successful appli- 
cation of these agents in vivo in a system with potential thera- 
peutic application. 

Many hurdles remain, however, before the therapeutic po- 
tential of antisense oligonucleotides can be reduced to practice. 
Present synthetic methodologies are expensive and limited 
data exist on the in vivo pharmacokinetics and bioavailability 
of these molecules (39). Speculating that the dose-re^nse 
data presented in these studies can be translated to an adult 
human, and, assuming that the volume of distribution of an 
S-oligo is equal to pla^na volume, then a single dose of 50 mg 
of hS-oligo-1 should be sufficient to reach an effective plasma 
concentration, thereby making antisense oligonucleotides com- 
parable to many other classes of therapeutic agents. Of course, 
use of specialized delivery vehicles, such as targeted liposomes, 
may significantly reduce the required dose and potentially en- 
hance biological effectiveness. 
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SPECIFIC INHIBITION OF LYMPHOKINE BIOSYNTHESIS 



AND AUTOCRINE GROWTH USING ANTISENSE 
OLIGONUCLEOTIDES IN Thl AND Th2 
HELPER T CELL CLONES 

By ANNICK HAREL-BELLAN • SCOTT DURUM * KATHRYN MUEGGE,* 
ABUL K. ABBAS,! and WILLIAM L. FARRAR* 

From the *Laboratafy oj MoUcular Immunology, Biological Response Modifier Program, National 
Cancer Institute, Frederick Cancer Research Facility, Frederick, Maryland 21701; and the 
^Department of Bithology, Brigham and Women's Hospital, Harvard Medical School, 
Boston, Massachusetts 02115 

The helper/inducer class of T lymphocytes has been recently divided into two 
nonoveriapping subsets on the basis of their lymphokine secretion and requirement 
for growth (1-3). Helper clones from the Thl subset produce IL-2 upon antigen 
or lectin stimulation, whereas clones from the Th2 subset produce IL-4, also known 
as B ceU stimulating factor 1 (BSF-1).* Both subsets respond to IL-2, and both ex- 
press, with minor quantitative differences, receptors for both lymphokines (4). But 
antibodies directed against IL-2 inhibit only the antigen-sUmulated growth of Thl 
cells, whereas antibodies directed against IL-4/BSF-1 inhibit only the growth of Th2 
cells (4). To confirm this classification, we have used a novel approach, which allov^ 
the specific inhibition of the biosynthesis of each respective lymphokine. Antisense 
inhibition of specific protein synthesis is achieved by saturating the cell with a nucleotide 
whose sequence is complementary to a portion of the mRNA encoding the protein 
(5-10). The intracellular annealing of the complementary sequence to the message 
prevents the synthesis of the protein. The complementary sequence can be intro- 
duced into the cell by transfection of a plasmid in which the gene encoding the pro- 
tein is in opposite orientation with respect to the promoter (6-10). In that case, an 
intracellular excess of antisense RNA is obtained, and an intracellular RNA/RNA 
complex is formed. Alternatively, chemically synthesized short complementary DNA 
sequence can be used (11-19). These synthetic oligonucleotides actively penetrate 
into the cells, achieving relatively high intracellular levels (19). The advantage of 
using such a strategy for lymphocytes is that, besides the fact that the low efficiency 
transfection step can be avoided, the resultant intracellular duplex is a DNA/RNA 
hybrid. Such duplexes are substrates for an enzymatic activity, RNase H, which 
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specifically degrades die RNA strand in a DNA/RNA duplex (20-22). Therefore, 
the efficiency of the inhibition is potentially enhanced. 

In this study, we have used two synthetic oligonucleotides, complementary to the 
5' end of the nxRNA coding for mouse IL-2 and mouse IL-4 (BSF-1). These sequences 
cOT^^^^^^M|^i^f the Ic^er sequ^?nce pf^tfep, molecul^^l^Bl i^ra ti^^^^h 
fronp^^ml^n^ 

:olig^^wi)tideSThe inhibition was reversed by addition of exogeneous lymphokine 
in both cases. The inhibition was accompanied by a decrease in the steady*state level 
of the corresponding lymphokine mRNA, suggesting a possible degradation of the 
message through an RNase H like activity 

Materials and Methods 

Cell Lines. The DLl cell line (2) is a helper T cell from the Thi subset. It was maintained 
in 10% PCS RPMI supplemented with 1% glutamine and andbiodcs (Gibco Laboratories, 
Grand Island. NY) and 1% nonessential amino acids (Gibco Laboratories), and stimulated 
weekly with 100 Mg/ml of rabbit IgG presented by irradiated (1,200 rad) BALB/c spleen cells 
depleted of red cells by a short hypotonic shock. The D10.G4.1 (D.10) (23) cell line is a helper 
T cell from the Th2 subset. It was maintained in RPMI 10% FCS supplemented with 1% 
glutamine and antibiotics and stimulated weekly with Conalbumin (100 \ig/vxd) and mitomycin 
C-treated C3H/HeJ spleen cells. 

OUgonucleoHdes. Oligonucleotides IL-2 antiscnse (S -CTGCATGCTGTACAT-S'), IL-4 an- 
tisense (S'-GGGGTTGAGACCCATS'), and IL-4 sense (5'-ArGGGTCTCAACCCC-30 were 
synthesized on a multiple colunm DNA synthesizer (model 8700; Biosearch, San Rafael, CA) 
purified on acrylamide/urea gels followed by eiectro*eludon and several cycles of ethane^ precipi- 
tation. Oligonucleotides were finally resuspended in PBS before use. 

PmlifinUum Assays. Cdls were seeded in microdter plates in RPMI supplemented as indi- 
cated above and with 1% FCS (65°C heat inactivated) and in the presence or absence of 
various doses of oligonucleotides. After 2 h of incubation at 37^0, the stimulant was added 
(100 ng/ml of rabbit IgG plus irradiated APCs for Dl.l; 100 ug/ml Conalbvunin plus mitomycin 
C-treated APCs for DIO) or not for the control, and the concentration of serum was raised 
to 5%. After a period of 3 d, cultures were washed with RPMI in order to avoid any nonspecific 
inhibition due to the possible presence of free thymidine from degraded oligonucleotide (three 
times in 250 ^I followed by centrifugation for 3 min at 1,200 rpm); 1 )tCi of ['H]thymidine 
(6.7 Ci/mmol; New England Nuclear, Boston, MA) in 10% FCS RPMI was added in each 
well and cultures were incubated overnight at 37*'C. Cultures were harvested on a Skatron 
AS (Heggtopen, Norway) cell harvester and incorporated radioacdvity was quandfied by scin- 
dlladon coundng. All assays were carried out in triplicate. For reversal experiments, 10 U/ml 
of human IL-2 (Cetus Corp., Emeryville, CA), or 200 U/ml of mouse IL-4 (Immimex Corp., 
Seatde, WA), or up to 50% of crude DIO conditioned supernatant was added after the prein- 
cubation with oligonucleotides. 

Northern Anafysis. Dl.l or D10.G2 cells (15 x 10^ in 5 ml of 1% 65«C heat-inactivated 
FCS/RPMI) were preincubated in the presence or absence of 5 nM antisense IL-2 or IL-4 
oligonucleotide, respectively, for 2 h as described above. 10 jig/ml of Con A (Dl.l) or 10 »ig/m3 
of Con A plus 1 U/ml of mouse rIL-1 (kind gift of Dr. W. Benjamin, Hoffmann-La Roche, 
Inc., Nudcy, NJ) (DIO) was added and the scrum concentration was raised to 5%. After an 
overnight period of incubation, cells were harvested, washed once in PBS^ and resuspended 
in guanidium-isothyocyanate followed by purification of RNA on a standard cesium chloride 
gradient. 

Equal amounts of RNA (15 ng of total RNA) were denattued with 6% formaldehyde for 
10 min at 55°C in 1 x MOPS (20 mM morpholine propane sulfonic acid, pH 7.1, 5 mM 
sodium acetate, 1 mM EDIA) and 50% deionized formamide (Fluka Chemical Co., Haup- 
page, NY), quickly chilled on ice, and size fractionated on 1% agarose gels containing 6% 
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formaldehyde. After soaking of gels in 20 x SSG (1 x SSC » 150 mM sodium chloride, 15 
mM crisodium sodium citrate, pH 7), RNA was transferred onto nitrocellulose filters (BA 
85; Schleicher & SchucU, Inc., Keene, NH) by capillary blotting in 20x SSC using standard 
procedures (24). Filters were then baked 2 h under vacuo at 80*^C. 

All probes used in this study were purified inserts, isolated after appropriate restriction 
on 1% low-melting-point agarose (Bethesda Research Laboratories, Bethesda, MD), ^'P- 
labeled to 2-5 x 10^ cpm/iig by primer extension using the Polymeraid labeling kit (PLS) 
and ['^P]dCTP (3,000 Ci/mM; Amcrsham Corp., Arlington Heights, IL), and was purified 
on G50 columns (Bochringer Mannheim Biochemicals, Indians^lis, IN). The mouse IL-2 
probe was a gift from Frank Lee (DNAX Inc., Palo Alto, CA). Hie mouse IL-4 probe was 
a gift from K. Arai (DNAX, Palo Alto, CA). The mouse actin probe was a gift from Dr. 
K. CGonnel, PRI, Frederick, MD; the ribosomal RNA probe was a gift from Dr. D. Rad- 
zioch, PRI. Filters were soaked for 2-24 h in prehybridization buffer (5x SSC, 50% forma- 
mide, Ix Denhardt's solution, 20 mM Tris, pH 7.4, 0.2 mg/ml salmon sperm DNA, 5% 
dextran sulfate), and hybridized with 5-10 ng/ml of labeled probes in the same, medium for 
20-48 h at 42°C. Filters were washed several times in 2 x SSC, 0.1% SDS at room tempera- 
ture, one to three times 15 min in 0.1 x SSC, 0.1% SDS at 50^C, and exposed to Kodak 
XAR-5 films with Cronex lighting plus intensifying screens (Dupont Ca, Wilmington, DE) 
at - 70**C for 3-48 h. For relative quantities of hybridized radioactive probe, autoradiographs 
were scanned using a densitometer and the relative intensities of the bands were estimated 
by wei^iing the densitometer profiles. Hybridized radioactive probe was then removed by 
immersion of the nitrocellulose filters in boiling water. Filters were checked before use with 
other probes. 



Specific Inhibition of the Pmlijeration of Tkl or Th2 Cell Lines by IL-2 or IL'4 Antisense 
Oligonucleotides, Previous studies by our laboratory and others (16-19) have shown 
that short oligonucleotides readily penetrate lymphoid or myeloid cells, reaching 
significant levels within a few hours. Therefore, cells from the Dl.l done, a murine 
Thl helper clone (1) or from the DIG clone, a murine Th2 helper clone (23), were 
preincubated for 2 h with various doses of anti-IL-2 or anti-IL-4 antisense oligonu- 
cleotides, and activated with antigen and irradiated APCs. Proliferation was mea- 
sured at day 3,jasing a thymidine incorporation assay as described in the Materials 
and Methods^^^ plc^^ ^ ^ ^ ^^^pMi 

nujsl^^^^^^^ B^^^ ^^^^^^^^p^^^^^^^^^^^^^^ 
l1r :fa ib^^i m tje m ^ 

^i nH ^^^^featjifeinhib^ 



The Inhibition Can Be SpecificaUy Reversed by the Addition o/Exogeneous Lymphokine. The 
specificity of the inhibition was further assessed by reversal experiments. We rea- 
soned that if the inhibition was due to the lack of lymphokine biosynthesis, the inhi- 
bition should be reversed by the addition of exogenous IL-2 or IL-4, Therefore, 
antisense-treated Dl.l or DIG ceUs were cultured in the presence or absence of ex- 
ogeneously added IL-2 or IL-4, respectively. The results shown in Fig. 2 indicated 
that exogeneous rIL2 was able to significantly reverse the proliferative blockade of 
antisense IL-2-treated Dl.l cells, further demonstrating that the inhibition was specific 
and not due to a toxic efifect of the oligonucleotide. Similarly, exogeneously added 
rIL-4 was able to overcome the inhibition of DIG proliferation by antisense IL-4 



Results 
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FiGUHE 1. Inbibition of Th clones prolifera- 
tion by antisense oUgonudeoddes. Dl*l (a) or 
D 10 (b) cells were incubated 2 h with indi- 
cated doses of IL-2 or IL-4 antisense oligo- 
nucleotides, activated with antigen ^us APCs, 
and thymidine pulsed 3 d later. The figure 
shows the result of a'typical experiment, and 
three to five independent acperiments gave the 
same results. 
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oligomer However, in the case of the DIO cells, this reversal effect was observed only 
in the low range of oligonucleotide concentration. A partial reconstitution was also 
observed when a crude supernatant from antigen-acdvated DIO celk was used in* 
stead of rIL4 (data not shown). This suggests that this lack of complete reconstitu- 
don was not related to an intracdlular inducdon fay ILr4 of other indispensaUe growth 
factors that coidd be present in the crude supernatant A sense control oligonucleo- « 
dde did not have any effect on DIO cell proliferadon in the range of doses used for 
the antisense (data not shown). It is likely that, at high doses, the andsense IL-4 
oligonucleotide caused some nonspecific inhibition. This is confirmed by the slight 
nonspecific inhibition observed on Dll cells using the antisense IL-4 oligonucleo- 
tide, and could be related to the sequence itself. 

Treatment with the Antisense OUgpnticleoUdes Results in Reduced Steady-State Level of Lym- 
phokine Message. To gain insight into the mechanism by which the antisense oligo- 
nucleotides inhibited the autocrine growth of Dl.l and DIO cells, we performed 
Northern analysis of the steady^tate levels of lymphokine messages in these cells. 
Dl.l or DIO cells were incubated with antisense IL-2 or IL-4 oligonucleoddes, respec- 
tively, and activated with Con A (Dl.l) or Con A plus IL-1 (DIO). After an overnight 
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FiouRB 2. Reversal of inhibition 
by exogenous lymphokinea. DU (a) 
or DIO (b) ceUs were incubated with 
or without IL-2 or IL'4 antiacnse 
oligonucleotides as indicated, and 
activated with antigen and APCs in 
the presence or absence, as indi- 
cated, of exogenous lymphokine. 
Cultures were thymidine pulsed 3 
d later. The figure shows the result 
of a typical experiment, and two to 
three independent experiments 
gave identical results. 



period of culture, cells were lysed and total Rrpks-;wer^3ext|3ctedjuid analyzed using 
^^]^^^^^^^^^^^^^^^^^^p^^^^^^^^^^^^^^^^^^^^^[s 

No 

IL-4 message was detected in any of the Dl.l RNA samples and no IL-2 message 
was detected in any of the DIO RNA samples (data not shown). The decrease in 
lymphokine message was specific, since the steady-sUte level of actin message was 
not impaired by the treatment with oligonucleotides (Fig. 3). Furthermore, the level 
of rRNA was also unchanged in these samples (data not shown). 

Discussion 

In procaryotic cells, specific blockade of the expression of a gene has been one 
of the major tools to assess the function of its product, through the use of deletion 
or thermosensitive mutants. In mammalian ceDs, the difficulty of deriving mutant 
cell line has prompted the search for other means of specific gene product deletion. 
A possible solution was derived from the study of gene regulation in bacteria, where 



2314 ANTISENSE OLIGONUCLEOTIDES IN HELPER T CELL SUBSETS 



s 

ill 

2 — 



Figure 3. The steady-state level of lymphokine mRNA is decreased in the 
presence of amisense oligonudeotides. D1.1 (a) or DIO (b) cells were incubated 
with or without IL-2 or IL*4 antiaense oligonudeotidea as indicated, and 
activated with Con A or Con A plus IL-l as indicated. After an overnight 
period of culture, ceUs were washed and RNAs were extracted and purified. 
RNAs were dectrophoresed on denaturing agarose gds, blotted, and ana- 
lyzed for the Icvd of ILr2, IL-4, or actin mRNA, as indicated. 




the expression of certain genes is regulated by naturally occurring complementary 
RNAs: such antisense RNAs are thought to hybridize with the normal message and 
therefore to block its recognition and processing by the translational apparatus of 
the cell (reviewed in reference 5). 

Recent studies have shown that artificial introduction of antisense plasmids into 
eukaryotic cells resulted in a specific inhibition of the expression of exogenous as 
well as endogeneous cellular genes (6-10), Hie caveats of this technique arc that: 
(a) One needs to be able to efficiently introduce exogenous DNA in the cells; (b) 
There is a general requirement to adiieve a 100-fold excess of the antisense over 
the endogeneous sense message; and (c) In the specific case of genes related to cell 
proliferation, an inducible blockade is required. Inducible promoters such as the 
dexamethasone-inducible M MTV promoter, have been successfully used in mouse 
fibroblasts for specific inhibition of the c^ gene (10). This promoter, however, cannot 
be universally used, since dexamethasone is, by itself, inhibitory for growth of most 
lymp>hoid cells. Alternatively, synthetic oligonucleotides complementary to viral genes 
have been shown to prevent infection of cells by several viruses, without affecting 
normal cell growth (11-15). In addition, we and others (16-19) have specifically deleted 
the expression of c-myr gene in T lymphocytes or in myeloid cells. In the present 
study, we demonstrate the successfiil use of this strategy for the selective deletion 
of secretory proteins in lymphocytes. 

Studies of the lymphokine production and requirement for growth of cloned helper 
T cell have shown the existence of two subsets, the Thl and the Th2 subset. Using 
antibodies directed against these two lymphokines, it has been demonstrated that 
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the Thl type produces IL-2 and proliferates using IL-2 as an autocrine factor, whereas 
the Th2 type helper clones produces IL-4 and not IL-2, and proliferates using IL-4 
as an autocrine factor. The two subsets are not overiapping, the Thl type helper 
clones being inhibited only by anti-IL-2 antibodies, whereas the Th2 type helper 
clones are inhibited only by anti-IL-4 antibodies. We here confirm these observa- 
tions with the antisense strategy, using complementary, or antisense, short oligodeox* 
ynucleotides. We show that antisense directed against the IL-2 message was able 
to inhibit only a Thl helper clone proliferation, whereas antisense directed against 
the IL-4 message inhibited only cells from a Th2 clone. The inhibition was not due 
to a toxic effect of the oligonucleotides, since no inhibition was observed with the 
antisense IL-4 on IL-2-dependent T cells, and vice-versa. 

Furthermore, the inhibition could be reversed by exogenous addition of the lym- 
phokine, although in the case of the antisense IL-4 oligonucleotide at high doses, 
the reversal was only partial. This could suggest an intracellular effect of the lym- 
phokine that could not be reproduced by the addition of extracellular IL-4. It is 
likely, however, that this partial reversal reflects a nonspecific inhibition by high doses 
of antisense IL-4, which is not detected with the antisense IL-2, but has been ob- 
served in various systems. 

The antisense oligonucleotides were originally thought to act through a specific 
inhibition of mRNA translation, on the basis of the results of several in vitro studies 
(25*28). However, it has recently been suggested that in certain systems, the protein 
synthesis inhibition could in fact result from the degradation of the relevant mRNA 
by an enzymatic activity known as RNAse H (22). RNAse H specifically degrades 
the RNA strand in a DNA/RNA duplex. In this study, wc show that the inhibition 
of cell proliferation was accompanied by a lower steady-state level of the relevant 
message in each cell line. It is not known, at this point, if this lower level of message 
results from a transcriptional or post-transcriptional event. It could be due to a feed- 
back effect of the disappearance of the protein, as it has been shown with mutated 
globin genes, for example (29). However, a likely hypothesis is that the lymphokine 
messages are degraded by an RNase H-like activity. 

This type of study, involving the actual and specific inhibition of a lymphokine, 
could prove helpful in understanding the respective role of each of the helper T cell 
subsets in the different inununological situations in which helper T cells are known 
to be involved. Antibody^mediated inhibition of lymphokines of^en does not give 
consistent results. Antibody inhibition relies on the fact that the antibody can in- 
hibit the binding of the lymphokine to the cellular receptor. The inhibition there- 
fore depends on the relative affinity of the antibody versus the physiological ligand 
for the receptor. Furthermore, no effect would be obtained on the potential intracel- 
lular action of the lymphokine in the producing cell. The antisense oligonucleotide 
strategy, which allows the inhibition of the actual biosynthesis of the lymphokine, 
could overcome these difficulties. In addition, antisensing lymphokines could have 
potential therapeutic applications in the case of autocrine cancer cells, as it is al- 
ready envisioned in the case of viral disease (11-15). 

Summary 

T helper cells have recendy been divided into two subsets. The Thl subset se- 
cretes and responds to IL-2 in an autocrine manner. The Th2 subset upon mitogen 
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or antigen stimulation releases IL-4. Here we describe a novel technology that al- 
lowed us to con&rm this distinction. We''havemsed%synthetie:oligonude6tides'Gom^ 

pl^^lf^^tS W5'%ga^'^«^ 
tffSil^f 1^-2 or rfc;4^in^ 

We'^ow^ihat tfie anfisenS lE-^ of the 

ation of the Thl clone: Tlie ilKiBition ivM 

the addition of the relevant lymphokine (IL-2 in the case of the Thl done, IL-4 
in the case of the Th2 done). Northern analysis^vUsmg^^D^A^pMbcs^^^^q 
thetwo^lymphokinesv showed^a^decreasciinithe+steady^state^^ relevant lym- 

phokine iilRNA, suggesting the specific degradation of the mRNA by an RNase 
H-like enzymatic activity. 

This strategy, which allows the specific blockade of the biosynthesis of a lymphokine, 
could be useful for future studies on the role of each T hdper subset in physiological 
immune responses. 

We are grateful to Dr. Leo Lee and Don Simms for the preparadon of the oligonudeotides; 
to S. Grove for expert technical assistance; to Drs. K. And, F. Lee, K. Cycinnel, and D. 
Radzioch for the kind gift of probes; and to Eh*. J. Oppenheim for helpful suggestions on 
the manuscript. 
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ABSTRACT A methodology was developed for stable gene 
transfer into cloned nontransformed human T lymphocytes* 
Stable high-level gene expression was achieved hi cloned human 
T cells by using a self-replicating Epstefah^arr virus (EBV) 
episomal replicon. A comparison of five eukaryotic promoters 
established that the Rous sarcoma virus 3' long terminal repeat 
(RSV 3' LTR) and the lymphopapOloma vhvs (LPV) ^LTR 
are optingj for:g„fak^ 

BCTiijnM^^^^^ ^^ ^ ^ ^U^ ^^S S ^ 

€:ffp^i&^fRsy$3'^P0^^ 

Unking of anti-sense RNA mntagene^ and T^cell cloning tech- 
nologies should contribute significantly to studies of human 
T-cell function. 



Gene transfection offers a powerful experimental approach 
for defining the functional roles of specific molecules in T 
lymphocytes. Stable gene transfer has been accomplished for 
T-cell tumor lines (1-4), T-cell hybridomas (5,6), cord blood 
lymphocytes (7), and cloned murine T lymphocytes (8-10) 
but has not been described for cloned human T lymphocytes. 
Unlike T-cell tumor lines and hybridomas, T-celi clones 
possess normal karyotypes; are regulated in their prolifera- 
tion by antigen, lymphokine secretion, and lymphokine 
receptors; and readily mediate specific and nonspecific 
cytotoxicity (11). Hence, the availability of transfection 
mutants of cloned, human T-lymphocyte lines would con- 
tribute significantly to molecular studies of human T-cell 
function. 

Plus-sense transfection analysis has been applied to the 
study of a variety of T-cell-associated molecules such as the 
T-cell antigen receptor (5), the interleukin 2 (IL-2) receptor 

(8) , Thy-1.2 (1), CD8 (6). CD4 (12), CD7 (13). and inteiferon-y 

(9) . However, the anti-sense RNA mutational approach (14) 
has not been used in studies of T lymphocytes. Anti-sense 
RNA technology, by enabling selective gene inhibition, 
provides an alternative transfection strategy in which dele- 
tional mutants can be used to determine whether specific 
molecules play obligatory roles in defmed cellular functions. 

Our goal in the present study was to develop an efficient 
system for generating anti-sense RNA mutants of cloned 
human T lymphocytes. To this end, we have explored the 
utility of a high copy number Epstein-Barr virus (EBV) 
episomal replicon (15) to serve as a vector for high level stable 
expression of sense and anti-sense RNA transcripts. Epi- 
somal replicons are circular DNA elements designed to 
self-propagate extrachromosomally in eukaryotic cells. As 
expression vectors, episomal replicons offer a means for 
amplifying gene copy number in cells and, furthermore, 
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circumvent compUcations that arise from chromosomal in- 
tegratiof>— e.g. , position effects on levels of transcription and 
insertional mutagenesis of host cell sequences at the integra- 
tion site. The EBV origin of replication (oriP) and the EBV 
nuclear antigen 1 together confer an episomal replication 
capacity to circular DNA elements in an array of human cell 
types, including lymphoid cells (15). Here we describe a 
methodology for stable gene transfer into cloned nontrans- 
formed human T lymphocytes by using an EBV episomal 
replicon, and we identify promoters suitable for episome- 
based expression in these cells. In addition, we establish the 
utility of episomal vectors for anti-sense RNA-mediated gene 
inhibition of a model surface glycoprotein, CDS, on a human 
cytotoxic T-cell clone. 

MATERIALS AND METHODS 

Reagents. Complete medium consisted of RPMI 1640 
medium supplemented with 10% heat-inactivated fetal calf 
serum (HyClone, Logan, UT), L-glutamine (2 mM), Hepes 
(10 mM), penicillin (5 units/ml), and streptomycin (5 fig/ml). 
Recombinant DNA enzymes were obtained from New En- 
gland Biolabs, Boehringer Mannheim, and Pharmacia. Other 
reagents were obtained from the indicated sources: chloram- 
phenicol and lysozyme (Sigma); polyethylene glycol 1540 
(Koch Light); hygromycin B and A23187 (Calbiochem; 
A23187 stock solution: 0.7 mM in ethanol); [^*C]chloram- 
phenicol (New England Nuclear); acetyl CoA lithium salt 
(Pharmacia). 

Cells. Two independently derived nontransformed (IL-2 
dependent) human T-cell clones. VI (CD4*CD8*) and 8L2 
(CD4~ CDS ■^), were used for these studies. The derivation of 
the influenza hemagglutinin-specific HLA-DR5-restricted 
cytotoxic cell line VI has been described (16, 17). The 8L2 
line was cloned by micromanipulation of single cells (Auto- 
clone, EPICS V, Coulter) from mixed lymphocyte cultures in 
96-well microliter plates containing 200 /tl of complete 
medium per well. To each well we added 20,000 y-irradiated 
(5000 rads; 1 rad = 0.01 Gy) allogeneic human peripheral 
blood mononuclear cells (PBMC) and 10% MLA-144 culture 
supernatant (CS) as a source of IL-2. The growth cycle of 
both of these clones is regulated and characterized by 
transient expression of IL-2 receptors (16). Clones were 
stimulated weekly with OKT3 (anti-CD3) monoclonal anti- 
body (mAb; 1 ng/ml; Ortho Diagnostics), IL-2 (10% MLA- 
144 CS), and irradiated allogeneic human PBMC (0.75 x 10* 
cells per ml). After 3 days of stimulation, clones were washed 



Abbreviations: EBV. Epstein-Barr virus; RSV 3' LTR, Rous sar- 
coma virus 3' long terminal repeat; LPV. lymphopapilloma virus; 
IL-2, interleukin 2; oriP. EBV origin of replication; PBMC, periph- 
eral blood mononuclear cells; CS, culture supernatant; mAb. mono- 
clonal antibody; CAT, chloramphenicol acetyltransferase; PHA. 
phytohemagglutinin. 

*To whom all correspondence should be addressed. 



A^\^(\ 



Immunology: Hambor et ai 



Proc. Natl Acad, ScL USA 85 (1988) 4011 



and subcultured in fresh complete medium supplemented 
with 11^2 (10% MLA-144 CS) for 4 days prior to restimulation 
(Fig. 1). 

Plasmid Constructions. To assemble promoter-chloram- 
phenicol acetyltransferase (CAT)/220.2 plasmids (Fig. 2a), 
we obtained promoter-CAT plasmids from several investi- 
gators: S V2CAT (simian virus 40 early promoter; B. Howard; 
ref. 18); RSVCAT (Rous sarcoma virus 3' long terminal 
repeat (RSV 3' LTR); B. Howard; ref. 19]; LPV-5'-CAT 
Oymphopapilloma vims (LPV) 5' LTR; R. Miksicek; ref. 20]; 
IIOCAT (rat GRP78 gene calcium ionophore-inducible pro- 
moter; A. Lee; ref. 21); HSICAT (phMT-IlA-CAT; human 
heavy metal-inducible metailothionein 11^ promoter region 
encompassing ^850 base pairs of sequence upstream of the 
hMTII^ gene; M. Karin and A. Haslinger; ref. 22); and 
SVOCAT (no eukaryotic promoter; B. Howard; ref. 18). 
p220.2 was generously provided to us by B. Sugden (Mad- 
ison, WI). This 8.9-kilobase plasmid is a derivative of p201 
(15) in which a polylinker (BamHh Xba I, Sal I, Pst I, 
ffmdIII) has been inserted at the Nar I site within the herpes 
simplex virus 1 thymidine kinase gene termination sequence 
(B. Sugden, personal communication; see Fig. 2a), For 
construction of promoter-C AT/220. 2 plasmids, a second 
BamUl site was furst introduced at unique restriction sites 
upstream of the promoter in promoter-<;AT plasmids using 
BamUl linkers (New England Biolabs), and promoter-CAT 
cartridges were then mobilized by BamUl digestion and 
inserted in both orientations into the unique BamUl site of 
p220.2 (C.A.H. and M.L.T., unpublished data). 

pT8Fl (generously provided to us by R. Axel; ref. 23), a 
cDNA plasmid encompassing the complete coding sequence 
of human CDS, was the source for the CDS DNA segment in 
the anti-sense CDS construct a-CD8/REPl (see Fig. 3 and 
Results). RSVPAl, a plasmid in which the RSV 3' LTR 
(derived from pRSVCAT). EcoRW and BamHl subcloning 
sites, and the simian virus 40 late polyadenylylation/termi- 
nation sequence (derived from pcDVl; ref. 24) are sequen- 
tially arrayed, was assembled by us in a multistep procedure 
(R.K.G.. H.K.S.. and M.L.T., unpublished data). 

Transfection Procedures. Electroporation (used here for 
promoter-C AT/220. 2 episomes) was performed with a Pro- 
mega Biotec X-Cell 450 electroporator at 200 V. 1100 /xF. 0.7 
sec time load, in phosphate-buffered saline (PBS) containing 
20 mM Hepes (pH 7.2), 500 ^g of sheared salmon sperm DNA 
as carrier, and 20 /xg of plasmid DNA. The protocol for 
protoplast fusion (used here for the o-CDS/REPl episome) 
has been described (25), and we have introduced modific a- 
tions for suspension cells. Protoplasts were copelleted with 
10^ logarithmically growing target cells (prewashed with PBS 
three times) (5000:1. protoplast/target cell ratio) at 1700 x g 
in a DuPont-Sorvall HS-4 centrifuge for 20 min at 4°C. Fifty 
percent polyethylene glycol 1540 in PBS (1 ml) was added 
dropwise over 1 min, and cells were then immediately diluted 
with PBS (1 ml) over 1 min and more PBS (20 ml) over 3 min, 
pelleted, washed twice with PBS, and resuspended in six-well 
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Fio. 1, Stable gene transfer into human T-cell clones. A 7-day 
cycling scheme was used to derive and maintain cloned human T-cell 
transfectants. Cells were washed and stimulated at the start of the 
cycle (day 0) with anti.CD3 (0KT3) mAb. IL-2 (10% MLA CS), and 
irradiated PBMC, and washed and restimulated (with exogenous 
IL-2 only) on day 3. Hygromycin B (0.15 mg/ml) was added to Uie 
culture medium on day 2 and again on day 3 (after the wash). 
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Fig. 2. Stable CAT expression in a human T-cell clone using 
different episome-based eukaryotic promoter elements, {a) Sche- 
matic representation of promoter-CAT/220.2 episomes, showing the 
EBV oriP, a functional segment of the EBV nuclear antigen 1 gene 
(EBNA-1), the Escherichia coli hph gene, herpes simplex virus 
thymidine kinase 1 (HSV 1 TK) promoter and termination sequences 
(solid bars), pUC12-derived multiple cloning site sequence (hori- 
zontal stripe), pBR322-derived sequences (narrow band), pBR322 
origin of replication (pBRori), ampicillin-resistance gene (amp*^), and 
a- and /3-oriented promoter-CAT cartridges. Arrows indicate direc- 
tion of transcription. B, BamHl; H, //mdlll. (b and c) CAT activities 
for various promoter-CAT/220.2 VI transfectants. TLC autoradio- 
grams (b) and % acetylation (c) are shown. Numbers 1-16 in b 
correspond to promoter-CAT/220.2 constructs listed (top to bottom) 
in c, in that order. Numbers to right of bars (c) indicate % acetylation 
[1-acetylated + 3-acciylated + l,3-diacetylatedcpm/total(unacety- 
lated + acetylated) cpm). 

plates (10^ cells per ml) in complete medium supplemented 
with gentamicin (200 fig/w\) and IL-2. Stable transfectant 
lines corresponding to individual wells were derived by the 
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protocol described in Results, and transfectants were not 
recloned for these studies. 

CAT Enzymatic Assay. Cells (5 x 10*) were harvested, 
washed three times in PBS, resuspended in 25 mM Tris (pH 
7.8) (100 pA) and lysed by five cycles of freeze-thawing. 
Crude cellular extracts (20 /il per reaction mixture) were 
assayed for chloramphenicol acetylating activity by a stan- 
dard 1-hr assay as described (18). Enzymatic mixtures were 
extracted with ethyl acetate, and unacetylated and acetylated 
(1-acetate, 3-acctate, 1,3-diacetate) forms of ("C]chloram- 
phenicol were separated by ascending chioroform/methanoi 
(95:5) thin-layer chromatography on silica gel plates (20 x 20 
cm) (Whatman). Spots were visualized by overnight autora- 
diography (Kodak XAR film; -70°C with intensifying 
screen) and quantitated by excision of spots and liquid scin- 
tillation counting. 

flow Cytometry. Cells were immunostained as described 
(16) using 0KT8 (anti-CD8), 0KT3 (anti-CDS), OKTU 
(anti-CD2; Ortho Diagnostics), or normal mouse IgG (Miles) 
as primary antibodies, and fluorescein isothiocyanate- 
coi^jugated goat anti-mouse IgG (MUes) was used as the 
secondary antibody. Cells were analyzed on an Epics V 
fluorescence-activated cell sorter (Coulter). 

RESULTS 

For these studies, we used the episomal replicon p220.2 (15), 
which contains the EBV sequences required for episomal 
replication in human cells, as well as the E. coU hph gene, 
which confers resistance to the eukaryocidal antibiotic hy- 
gromycin B. Since the human T-cell clones require feeder 
cells (PBMC) which are hygromycin B sensitive, we devel- 
oped a modified selection protocol to permit the derivation of 
stable hygromycin B-resistant (hyg^) transfectants. After 
transfection by electroporation or protoplast fusion, cells 
were resuspended in complete medium supplemented with 
IL-2. Cells were stimulated with IL-2, anti-CD3 antibody, 
and irradiated PBMC 2 days posttransfection, and hygromy- 
cin B was added 2 days later. A 7-day cycling scheme (Fig. 
1) was then initiated in which hygromycin B was present in 
the culture medium only on days 2-7 after stimulation with 
irradiated fresh PBMC, IL-2, and anti-CD3 antibody. After 5 
days of incubation with hygromycin B (0.15 mg/ml), control 
nontransfected cell cultures contained virtually no viable 
cells. Stable hyg^ transfectants have been reproducibly 
obtained («50% of transfections) for several cloned T-ceU 
lines by this protocol. 

A systematic investigation of promoter function in EBV 
episomal replicons has not been previously reported. To 
address this issue, as well as to speciflcally explore the utility 
of EBV-based episomal replicons for the expression of 
transfected genes in human T cells, we assessed episomal 
replicon-based promoter function in our cloned T-cell line 
VI. A panel of eukaryotic promoters consisting of various 
constitutive (simian virus 40 eariy, RSV 3' LTR. LPV 5' 
LTR) and inducible (GRP78 gene, hMTII^ gene) promoters 
were examined. For these analyses, the prokaryotic CAT 
gene, which is absent in eukaryotic cells, served as a reporter 
gene for promoter-driven transcriptional activity (19, 26). 
Promoter-CAT cartridges were inserted, in both orienta- 
tions, into the EBV-based replicon p220.2 at the unique 
BamHl site, which lies just downstream of the EBV oriP (Fig. 
2a ; see Materials and Methods). The alternative orientations 
for cartridges in promoter-C AT/220. 2 plasmids have been 
arbitrarily designated a (promoter is proximal to EBV oriP) 
and p (promoter is distal to EBV oriP). 

Stable hyg"^ VI transfectants for each of the promoter- 
CAT/220.2 plasmids were independently derived, and the 
CAT enzymatic activity in them was compared (Fig. 2 b and 
c). The RSV 3' LTR-based episomes yielded maximal CAT 



activity, which, based on titration experiments (data not 
shown), was marginally higher than the strong activity seen 
with the LPV 5' LTR. In contrast, the episomes incorporating 
the simian virus 40 early promoter, a constitutive promoter 
conunonly used in eukaryotic expression work (24), were 
significantly less efficient in driving CAT expression. The 
inducible GRF78 (IlOCAT/220.2) and hMTIU (HSICAT/ 
220.2) gene promoters both displayed high levels of basal 
activity and showed 22% (7 fiM A23187) and 93% (10 /iM 
cadmium) induction for a-oriented promoters, respectively, 
and 112% and 308% induction for 0-oriented promoters. 
However, the levels of CAT activity seen after induction of 
these promoters were significantly below those for either of 
the LTR-based (RSV and LPV) constitutive promoters. The 
orientation dependence of promoter activity (a > p) seen 
with some promoters— e.g., the GRP78 gene promoter—may 
result from a transcriptional enhancer effect exerted by the 
EBV oriP (27). An episome analogous to RSVCATa/220.2, 
in which plus-sense CDS instead of CAT is driven by the RSV 
3' LTR, yielded high levels of surface CDS on transfectants 
(data not shown), establishing the utility of episome-based 
RSV 3' LTR-driven expression systems for genes encoding 
cell-surface proteins as well as for cytoplasmic proteins. 

To determine whether EBV episomal replicons can be used 
effectively for stable anti-sense RNA-mediated gene inhibi- 
tion in cloned T cells, we selected CDS as a model T-cell 
surface protein. To inhibit CDS expression, we constructed 
the episome a-CD8/REPl (Fig. 3). A 459-base-pair CDS 
coding segment, spanning amino acids 9-161 of the 214- 
amino-acid-long processed CDS protein, was first inserted in 
an inverted orientation downstream of the RSV 3' LTR and 
upstream of the simian virus 40 polyadenylylation speciflca- 
tion sequence ftom the late region of the virus. This pro- 
moter/a-CDS/polyadenylylation unit was subsequently car- 
tridged in an a-orientation into the EBV episomal shuttle 
vector p220.2. a-CD8/REPl was stably transfected into 8L2, 
a CIM'CDS"*" T<ell clone derived by nonspecific stimulation 
via anti-CD3 mAbs and irradiated allogeneic feeder cells. The 
antigenic speciflcity and m^or histocompatibility complex 
restriction of this clone are unknown. 
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Fig. 3. Assembly of a-CD8/REPl (anti-sense CDS) episome. 
Sources for pTSFl, p220.2, and RSVPAI are described in Materials 
and Methods. S, 5flw3A; RV. £coRV; SI, Sal I. x indicates that the 
restriction site has been elinunated. PA. simian vims 40 late 
polyadenylylation/tennination sequence; b.p.. base pairs. 
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The level of surface CDS expression on the parental and 
transfected 8L2 lines was determined 46 days posttransfec- 
tion by flow cytometry using an anti-CD8 mAb (Fig. 4). 
Whereas nontransfected 8L2 and RSVCATa/220.2 8L2- 
transfected cells displayed equivalent levels of surface CD8, 
the a-CD8/R£Pl 8L2 transfectant demonstrated a marked 
decrease (>95%) in surface CD8 expression. The absence of 
alterations in the cell-surface expression of CD2 (sheep eryth- 
rocyte receptor) and CD3 (a component of the T-celi ajS 
antigen receptor complex) in the a-CD8/REPl transfectant 
(Fig. 4) established the specificity of this inhibition. Neoex- 
pression of CD4 and GDI, surface molecules that are not 
expressed on 8L2 cells, was not observed for the CD8- 
suppressed transfectant (data not shown). 

To establish that the anti-sense RNA inhibition was indeed 
mediated by an EBV-based episome, we transferred an 
aliquot of a-CD8/REPl-transfected cells into hygromycin 
B-free medium 39 days posttransfection and followed the 
stability of the mutant phenotype by serial flow cytometric 
analyses (Fig. 5). A gradual loss of EBV-based episomes is 
known to occur after removal of the selective agent (15). As 
expected, in the absence of hygromycin B, surface CDS 
gradually reemerged in a time-dependent fashion, suggesting 
a progressive loss of the a-CD8/REPl episome. Afler 1 week 
in hygromycin B-firee medium, no change in the level of CDS 
expression was detectable; after 2 weeks, an increase in CDS 
expression was observed; by 5 weeks, surface CDS levels 
approached those on the control RSVCATa/220.2 8L2 trans- 
fectants. In contrast, when the transfectant was maintained 
in the continuous presence of hygromycin B, CDS inhibition 
remained stable for the entire 3-month observation period. 
The flnding that the CDS-suppressed phenotype is stable for 
1 week out of hygromycin B means that this agent can be 
temporarily cleared from the cells prior to functional assays. 
Also, the incremental increases in CDS expression that occur 
after removal of the selective agent represent an experimental 
means for exploiting episome-based expression systems for 
gene dosage analyses. 

Functional studies were performed on the a-CD8/REPl 
transfectant grown in the continuous presence of hygromycin 
B. Nonspecific cytotoxicity mediated by either anti-CD3 
mAb or the lectin phytohemagglutinin (PHA) did not differ 
significantly between the CDS anti-sense mutant and controls 
(Fig. 6). Moreover, there were no significant differences in 
the expression of the IL-2 receptor (as detected by anti-Tac 
mAb) after anti-CD3 mAb stimulation, the proliferative re- 
sponse to either PHA or anti-CD mAb, or the response to 
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FiC. 4, Selective anti-sense RNA-mediated inhibition of surface 
CDS expression on 8L2 cells. a-CD8/REPl and RSVCATa/220.2 
8L2 transfcctants and parental 8L2 cells were stained on day 46 with 
0KT8 (anti-CDS). 0KT3 (anti-CD3), and OKTll (anti-CD2) (stip- 
pled areas) or normal mouse IgG (Miles; open areas) as primary 
antibodies, and fluorescein isothiocyanate-conjugated goat anti- 
mouse IgG (Miles) was used as the secondary antibody. 
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Fig. 5. Reappearance of surface CDS on a-CD8/REPl hygromy- 
cin B-resistant 8L2 transfectant line after removal of hygromycin B. 
Suble a-CD8/REPl (squares) and RSVCATa/220,2 (triangles) 8U 
transfectants were derived as described in text. On day 39, a 
subculture of the a-CD8/REPl transfectant (open squares) was 
washed free of hygromycin B and then maintained in the absence of 
this selective agent. CD8 expression was assessed at the indicated 
time points by flow cytometric analysis. Relative expression was 
calculated by comparing the peak channel number (pen) for each 
group with the pen for nontransfected 8L2 (pen range, 190-201) at 
each time point. 

phorbol diester as measured by increased IL-2 receptor 
expression (data not shown). 



DISCUSSION 

In this study, we have described a methodology for the 
derivation and maintenance of stably transfected cloned 
human T lymphocytes. This entails the use of a 7-day cycling 
scheme in which the eukaryocidal antibiotic serving as a 
selective agent is absent for the furst 2 days after the addition 
of irradiated antibiotic-sensitive feeder cells in each cycle. 

Non-Trans!ected RSVCAT a/220.2 of - C08/REP1 
8L2 BL2 Transfectant 8L2 Transfectant 
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Fig. 6. Anti-CD3- and PHA-mediaied cytotoxicity of U937 
targets by nontransfected 8L2 cells and stable 8L2 transfectants 
(RSVCATa/220.2 and 0-CD8/REPI). Cytolysis of "Cr-labeled 
U937 targets (5 x 10^ cells per well) was Mediated by cither PHA (0. 1 
Mg/ml) (open circles) or OKT3 (2 ng/ml) (solid circles) at various 
effector target cell ratios in a standard ^'Cr release assay (17). 
Maximal release of ^*Cr was achieved in 1% Triton X-100. Sponta- 
neous release in these experiments was 16%. Speciflc lysis was 
calculated as described (17). Stable transfectants were selected in 
hygromycin B for 62 days and washed free of the antibiotic 
immediately prior to their use in this assay. 
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This protocol can be used in conjunction with electroporation 
or protoplast fusion as alternative transfection modalities and 
yields stable transfectants in a reproducible fashion. 

Furthermore, we have shown that stable expression of 
transfected genes can be achieved in cloned human T cells by 
using an EBV-based episomal replicon. A comparison of five 
eukaryotic promoters demonstrated that the RS V 3' LTR and 
LPV 5' LTR are most suitable for high level EBV episome- 
based expression in T cells. Differences in CAT activity ob- 
served in this episomal expression system may reflect not 
only variation in promoter activity but also differences in 
episome copy numbers per cell, since it is conceivable that 
particular promoter sequence elements may influence EBV 
episomal replication capacity. EBV episomes have been 
reported to range up to 90 copies per cell (15). Although botii 
inducible promoters studied here (GRP78 and hMTII^ genes) 
were inducible when episome-based and expressed in T cells, 
the fact tiiat they demonstrated significant basal activity in 
the absence of their respective inducers could limit their 
usefulness for expression studies. 

Using CDS as a model T-cell-associated molecule, we have 
further demonstrated that episome-based, RSV 3' LTR- 
driven expression systems can be used for anti-sense RNA- 
mediated gene inhibition. This approach can now be ex- 
tended to anti-sense RNA work in other human hematopoi- 
etic and nonhematopoietic cell types. The gene inhibition 
achieved here was effective (>95% inhibition), selective (vis 
k vis CD3 and CD2), and reversible (by removal of the 
selective agent). Our results further indicated that the trans- 
fection/selection scheme did not interfere wiUi cellular func- 
tions such as proliferation. Notably, we found no effect of 
inhibition of CDS, a marker for class I m^or histocompatibility 
complex-restricted cytotoxic T cells, on nonspecific cytotox- 
icity in our system. The possibility that the small amount of 
residual surface CDS (<5%) in the a-CD8/REPl transfectant 
was exerting a significant functional effect seems unlikely but 
cannot be definitively excluded. Since the antigenic specificity 
of this clone is unknown, studies of the effect of CDS inhibition 
on antigen-mediated recognition await stable transfection of 
a-CD8/REPl into a human T-cell clone with known antigenic 
specificity and major histocompatibility complex restriction. 

In summary, these results establish the feasibility of 
deriving stable functionally intact anti-sense mutants of 
nontransformed human T-cell clones. Furthermore, this 
study demonstrates the utility of episomal expression vectors 
for achieving efficient anti-sense RNA-mediated gene inhi- 
bition in eukaryotic cells. An episome-based system not only 
offers an expeditious means for achieving amplification of 
transfected genes, but also permits the in vitro manipulation 
of transfected gene copy number by altering the selective 
pressure on the episomes. The selectivity of gene inhibition, 
with the possibility of confounding experimental artifacts 
minimized, is a distinct advantage of such an anti-sense 
RNA-mediated mutagenesis approach. In addition, success- 
ful transfection of human T-cell clones allows for the initia- 
tion of studies of functions that are associated with nontrans- 
formed cells such as regulated growth and antigen-specific 
cytotoxicity. The linking of gene-directed mutagenesis and 
T-cell cloning technologies should now permit a more precise 
defmition of the functional roles of a variety of specific 
molecules in human T lymphocytes. 
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Antisense nonmuscle myosin heavy chain and c-myb 
oligonucleotides suppress smooth muscle cell proliferation in 
vitro. 

Simons M, Rosenberg RD. 

Department of Biology, Massachusetts Institute of Technology, Cambridge 
02139. 

Smooth muscle cell (SMC) proliferation is a poorly understood process that 
plays a critical role in several pathological states, including atherosclerosis 
and hypertension. Recent w^ork suggests that the oncogene c-myb and 
myosin, a ubiquitous cytoskeletal protein, may be directly involved in this 
process. We have used antisense nonmuscle myosin heavy chain (NMMHC) 
or c-myb phosphorothiolate oligonucleotides to inhibit proliferation of 
SMCs in vitro. The suppression of growth is accompanied by reductions in 
the concentrations of NMMHC and c-myb mRNAs as well as decreases in 
the levels of the corresponding proteins. The specificity of the 
antiproliferative effect is underscored by the absence of any detectable 
growth inhibition with sense NMMHC or c-myb phosphorothiolate 
oligonucleotides, an antisense c-myb mismatch phosphorothiolate 
oligonucleotide, or an antisense thrombomodulin phosphorothiolate 
oligonucleotide. Furthermore, the treatment of SMCs with antisense 
phosphorothiolate oligonucleotides for as little as 2 hours caxxses maximal 
inhibition of cell growth over the next 72 hours. Under these conditions, 
SMCs attain normal rates of growth over the following 48 hours, which 
shows that proliferation is suppressed in a reversible fashion by antisense 
phosphorothiolate oligonucleotides. These experiments indicate that both c- 
myb and nonmuscle myosin play critical roles in SMC proliferation and that 
reductions of either mRNA by antisense phosphorothiolate oligonucleotides 
arrest the process. 
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Inhibition of c-myc expression by phosphorothioate antisense 
oligonucleotide identifies a critical role for c-myc in the growth 
of human breast cancer. 

Watson PH, Pon RT, Shiu RP. 

Department of Physiology, Faculty of Medicine, University of Manitoba, 
Winnipeg, Canada. 

In search of critical genes in the mechanism of estrogen action in hximan 
breast cancer, we previously showed that estrogen stimulates transcription 
of the c-myc gene in estrogen-dependent (MCF-7) cells. We have now 
examined the role of c-myc in estrogen-stimulated growth of MCF-7 cells 
through the use of a synthetic antisense c-myc phosphorothioate 
oligonucleotide to specifically inhibit expression of the c-myc protein. 
Estrogen induces a 5-fold increase in c-myc protein expression within 90 
min in steroid-deprived cells, as detected by Westem blot. Prior exposure of 
MCF-7 cells to 10 microM c-myc antisense oligonucleotide results in up to 
95% inhibition of the c-myc protein expression induced by estrogen. 
Antisense-myc oligonucleotide inhibits estrogen-stimulated cell growth by 
up to 75% over 9 days and also exerts a cytostatic effect on the growth of 
estrogen-independent MDA-MB-231 cells which show relatively high, 
constitutive expression of c-myc. Sense-myc and antisense-pS2 
oligonucleotides have no effect on c-myc protein level or growth in either 
cell line. These results demonstrate bodi the specific and durable effects of 
antisense phosphorothioate oligonucleotides. Furthermore, these results 
indicate a critical role for c-myc in the growth of breast cancer cells and 
support the hypothesis that loss of estrogen regulation of this gene may be 
an important factor in the progression of breast cancer. 
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Antisense oligonucleotide inhibition of encephalomyocarditis 
virus RNA translation. 

Sankar S, Cheah KC, Porter AG. 

Institute of Molecular and Cell Biology, National University of Singapore. 

We report the inhibition of encephalomyocarditis virus (EMCV) RNA 
translation in cell-free rabbit reticulocyte lysates by antisense 
oligonucleotides (13-17-base oligomers) complementary to (a) the viral 5* 
non-translated region, (b) the AUG start codon and (c) the coding sequence. 
Our results demonstrate that the extent of translation inhibition is dependent 
on the region where the complementary oligonucleotides bind. Non- 
complementary and 3'-non-translated-region-specific oligonucleotides had 
no effect on translation. A significant degree of translation inhibition was 
obtained with oligonucleotides complementary to the viral 5' non-translated 
region and AUG initiation codon. Digestion of the oligonucleotide.RNA 
hybrid by RNase H did not significantly increase translation inhibition in the 
case of 5'-non-translated-region-specific and initiator-AUG-specific 
oligonucleotides; in contrast, RNase H digestion was necessary for 
inhibition by the coding-region-specific oligonucleotide. We propose that 

(a) 5'-non-translated-region-specific oligonucleotides inhibit translation by 
affecting the 40S ribosome binding and/or passage to the AUG start codon, 

(b) AUG-specific oUgonucleotides inhibit translation initiation by inhibiting 
the formation of an active SOS ribosome and (c) the coding-region-specific 
oligonucleotide does not prevent protein synthesis because the translating 
SOS ribosome can dislodge the oligonucleotide from the EMCV RNA 
template. 
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Specific inhibition of c-myc protein biosynthesis using an 
antisense synthetic deoxy-oiigonucleotide in human T 
lymphocytes. 

Harel-BeUan A, Ferris DK, Vinocour M, Holt JT, Farrar WL. 

Laboratory of Molecular Immunoregulation, National Cancer Institute, 
Frederick, MD 21701. 

C-myc protein expression in human T cells was specifically inhibited by a 
15-mer deoxy-oligonucleotide complementary to the 5' end of the human c- 
myc gene second exon. The oligonucleotide penetrates the cells without any 
treatment, with a plateau of cell association reached in 2 h. The 
oligonucleotide specifically blocked the de novo synthesis of c-myc protein, 
induced by PHA in hxmian resting peripheral T cells, without impairing the 
overall synthesis of other proteins, as shown by two-dimensional analysis of 
[35S]methionine pulse-labeled proteins. The specific inhibition of c-myc 
protein synthesis prevented the entry into S phase of resting T cells, induced 
to proliferate by PHA, or IL-2-dependent T cells induced by IL-2, as shown 
by [3H]thymidine incorporation. The inhibition of proliferation was specific 
since it was not observed with the corresponding sense-oligonucleotide and 
was reversed by preincubation of the cells with an excess of sense 
oligonucleotide. These results clearly support a role for c-myc protein in the 
proliferation process and show that inducible protein expression can be 
blocked by means of synthetic oligonucleotides complementary to a coding 
exon. 
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Suppression of Basic Fibroblast Growth Factor Expression by 
Antisense Oligodeoxynucleotides Inhibits the Growth of 
Transformed Human Astrocytes'*' 

(Received for publication, July 27. 1990) 

Richard S. Morrison^ 

From the Robert S. Dow Neurological Sciences Institute and Comprehensive Cancer Center, Good Samaritan Hospital, 
Portland, Oregon 97209 



Basic nbroblast growth factor (bFGF) is a heparin- 
binding protein expressing potent mitogenic and an- 
giogenic properties. Elevated levels of bFGF have re- 
cently been described in human glioma cell lines. The 
high degree of vascularity and invasiveness which 
characterize human gliomas suggest that activated 
expression of bFGF or similar proteins may be r^ated 
to the aberrant growth patter ns <>0^ €^ tumo r^^^e 
iMgetfog|of|^n<^^^ 
»i ^ ^ P^ ^ 3^Sj^ ^ M^ n^J^ ^ 
r ^ dS t ijS 

f ^j igens^ Wj 

wlj^^mj^Etfi^^^^ii ^ig^ ^^ 

^xgg^^ rNeitnerant or sense primers inhibited 

the growth of non-transformed human glia. bFGF 
mRNA was detected in both transformed and non- 
transformed human glia by polymerase chain reaction 
analysis suggesting that alterations In bFGF isoform 
content or activity may be specifically related to ab- 
normal growth control in human gliomas. 



Basic fibroblast growth factor (bFGF)* is a multifunctional 
protein recognized primeurily for its mitogenic and angiogenic 
properties. On the basis of cell culture studies, bFGF has been 
shown to be mitogenic for a wide range of cell types derived 
from mesoderm and neuroectoderm. In addition to the many 
in vitro studies performed with bFGF, it is also active in 
numerous in uivo models of angiogenesis and wound healing 
(1, 2). bFGF has been identified in many normal and malig- 
nant tissues (3, 4), and at several developmental time points 
(3, 5, 6), implying that it may play a role in normal tissue 
function, embryonic development, and neoplastic progression. 

The mammalian central nervous system is a particularly 
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PDGF, platelet-derived growth factor; AS, antisense; SFM, senim- 
free medium; CHAPS, 3-((3-cholamidi)propyl)dimethylammoniol-l- 
propanesulfonic acid; GFAP. glial fibrillary acid protein; PBS. phos- 
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abundant source of bFGF. Substantial quantities of bFGF 
have been purified from whole brain extracts, hypothalamus, 
and retina (7-9). Despite its abundance in neural tissue, a 
precise cellular localization for bFGF synthesis in brain has 
not been unequivocally determined. bFGF immunoreactivity 
has been localized to neurons in vitro (10) and in vivo (11, 12) 
by immunocytochemical analysis. In a more recent survey 
enhanced bFGF immunoreactivity was observed in brain re- 
gions enriched in neurons (13). In contrast, bFGF has also 
been identified in cultured mouse cerebellar astroglia (14) and 
in reactive rat astrocytes surrounding a focal suction wound 
to the brain (15). These data imply that astrocytes may 
represent a potential source of bFGF expression in the central 
nervous system under appropriate circumstances. 

This hypothesis is consistent with the recent identification 
of bFGF in human glial tumors and in transformed human 
glial cell lines (16, 17). In addition to expressing bFGF, human 
glioma cells respond to it with increased proliferation (17, 18), 
suggesting that bFGF may be involved in an autocrine path- 
way regulating glioma growth and invasion. Due to its multi- 
functional properties bFGF could potentially influence glioma 
development by directly stimulating tumor cell growth or by 
promoting tumor vascularization. bFGF and related members 
of the FGF family have been implicated in the autocrine 
regulation of human tumor growth based partly on transfec- 
tion studies with bFGF expression vectors, which result in 
amplified autocrine growth in monolayer culture and soft agar 
(19-21). In this report we provide evidence that bFGF expres- 
sion can be altered in human glioma cells following applica- 
tion of bFGF-specific antisense oligonucleotides. The results 
of these studies indicate that bFGF expression occurs in both 
non-transformed and transformed human glial cells. How- 
ever, only the growth of transformed human glial cells 
is suppressed in the presence of bFGF-specific antisense 
primers. Thus, while bFGF may normally be expressed by 
astrocytes, elevated levels or aberrant forms of bFGF may 
predispose astrocytes to uncontrolled cell growth. 

MATERIALS AND METHODS 

Materials were obtained from the following sources. Ham's F-12/ 
Dulbecco's modified Eagle's medium (1:1) was from Irvine Scientific; 
fetal calf serum was from GIBCO; selenium, transferrin, hydrocorti- 
sone, and insulin were from Sigma; CHAPS detergent, protease 
inhibitors, anti-GFAP and anti-fibronectin antibodies were from 
Boehringer Mannheim; alkaline-phosphatase conjugated goat anti- 
mouse antibody was from Promega; purified human recombinant- 
bFGF was generously provided by Synergen, Inc. (Boulder, CO); the 
mouse monoclonal anti-bFGF antibody was generously provided by 
Drs. Janet L. Gross and Thomas Reilly of E. I. Du Pont de Nemours 
and Co.. Inc.; the SNB-19 human glioma cell line was the generous 
gift of Dr. Paul KombUth at Montefiore Medical Center (Bronx, 
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NY), The RPMI-7272 human melanoma line was provided by Dr. 
Janet L. Gross. 

Cell Cutture— The SNB-19 cell line was derived ftom a high grade 
glioblastoma. The derivation of this tumor was confirmed by histo- 
logical analysis as described previously (22). The SNB-19 glioma cell 
line expressed the astrocyte antigen, glial fibrillary acidic protein 
(GFAP), confirming its glial origin. The glioma cell line was main- 
tained as described previously and was mycoplasma free (22). 

Non-transformed human astrocytes were derived from surgically 
resected brain biopsies (temporal lobe). Astrocyte cultures were es- 
tablished fiom explants from which the meninges was surgically 
removed. Astrocytes were identified based on their positive expression 
of GFAP and their lack of staining for fibronectin as previously 
described (23). Astrocyte cultures were maintained in the same basic 
nutrient mixture as the glioma cells. The cells were shifted to a 
chemically defined medium for all cell growth studies involving sense 
and antisense primers, which consisted of Ham's F-12/Dulbecco*8 
modified Eagle's medium (1:1) (serum-free, SFM) supplemented with 
prostaglandin F2of {500 ng/ml), transferrin (50 /^ml), 50 nM hydro- 
cortisone, putrescine (100 mm), and insulin (5 ^ml). 

Cell Growth and Dose /Response— Glioma cells and non-transformed 
astrocytes were plated at 1 x 10* cell8/2.1 cm'' tissue culture well in 
serum-supplemented medium (10%). Within 18-20 h postplating, the 
serum-supplemented medium was removed, and the cells were washed 
three times with phosphate-buffered saline (PBS) and converted to 
SFM or chemically defined medium. Sense or antisense primers were 
solubilized in sterile PBS and added directly to the cells at the time 
of conversion to SFM or chemically defined medium. This was 
considered as day 0. Cell cultures were in the growth phase at the 
time of primer addition. 5-8 days later the cells were washed twice 
with PBS and removed from the tissue culture wells by tiypsinization 
(0.25% in PBS). Cell number was determined using a hemocytometer. 

Preparation of Cell Extracts — Tissue culture cells were grown to 
confluence in 60*mm (21 cm^ dishes. Cells were washed with PBS, 
trypsinized, and pelleted. The pellet was washed twice with ice-cold 
PBS, lesuspended, and sonicated in 10 mM Tris-HCl, pH 7.0, 2 M 
NaCl, 0.1% CHAPS detergent. 10 ng/m\ leupeptin, 0.2 mM phenyl- 
methylsulfonyl fluoride, and 1 >ig/ml of the following protease inhib- 
itors: antipain, elastinol, bestatin, pepstatin, 4-amidinophenylmetha- 
nesulfonyl fluoride. Sonication was performed on ice. The sonicate 
was incubated with 1 unit/;il of DNase for 10 min at 4 'C. The 
resulting supernatant was centrifiiged at 14,000 x g for 15 min to 
pellet membranes. The supernatant was removed and stored at 
—70 'C. Aliquots were taken for protein determination by the method 
of Lowry (24). 

bFGF was quantitated by applying aliquots of each extract to 
nitrocellulose sandwiched in a slot-blot apparatus. Each aliquot was 
added in a total volume of 50 ^1 in PBS. Following the addition of 
extract, each well of the slot blot was washed twice with PBS. After 
removing the nitrocelluiose membrane from the slot-blot apparatus, 
residual protein-binding sites on the nitrocellulose were blocked by 
incubating the paper in blocking buffer (10 mM Tris-HCl, 150 mM 
NaCl, pH 8.0, 0.05% Tween 20. 1% bovine serum albumin) for 30 
min at room temperature. The paper was mcubated with a mouse 
monoclonal anti-bFGF antibody for 1 h at room temperature as 
previously described (17). After extensive washing with Tris-buffered 
saline, the sheets were incubated for 1 h at room temperature with 
an alkaline-phosphatase-conjugated goat anti-mouse antibody. The 
sheets were extensively washed in Tris-buffered saline and developed 
in 100 mM Tris-HCl. 100 mM NaCl, 5 mM MgCU. pH 9.5. containing 
the substrates nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl 
phosphate. Color development proceeded for approximately 4-7 min. 
The reaction was stopped following several rinses in deionized water. 

The density of each immunoreactive band was measured using a 
scanning densitometer and compared with a human recombinant 
bFGF standard curve. The human recombinant bFGF standard curve 
was linear between the range of 1-250 ng of bFGF. Detection of bFGF 
in aliquots of extracts ranging between 0.5 and 5 fil also gave linear 
responses on the slot-blot and normally fell within the linear range 
of the bFGF standard curve. Only values falling within the linear 
range of the bFGF standard curve were used to quantitate the bFGF 
content of cellular extracts. 

DNA Amj^ication^The presence of bFGF and bFGF receptor 
mRNA was demonstrated by amplifying respective target sequences 
using the polymerase chain reaction technique. Total RNA (1 /ig) 
from human glioma cell lines, non -transformed human astrocytes, 
normal human skin keratinocytes (generously supplied by Dr, Gary 
Shipley, Oregon Health Sciences University), and a human melanoma 



cell line was used to prepare cDNA primed with random primers 
according to the specifications recommended by the manufacturer of 
reverse transcriptase H (Bethesda Research Laboratories). Polymer- 
ase chain reaction was performed on the entire cDNA product by 
using Thermus aquaticus (Taq) DNA polymerase (Perkin Ehner- 
Cetus Instruments) with the manufacturer's recommended buffers. 
25 nucleotide primers beginning with codon 20 at the 5' end of the 
human bFGF mRNA (25) (5'-GCC-'ITC-C:CG-CCC-GGC-CAC- 
TTC-AAG-G-3') and complementary to codons 71-79 at the 3' end 
of the bFGF mRNA (S'-GCA-CAC-ACTr-CCT-TTG-ATA-GAC- 
ACA-A-3') were synthesized by Research Genetics (Huntaville, AL). 
The predicted an^)liflcation product for human bFGF was 179 nucle- 
otide. 22 nucleotide primers corresponding to nucelotides 955-976 
at the 5' end (5'-GAC-GCA-ACA-GAG-AAA-GAC-TTG-T-3') and 
complementary to nucelotides 1594-1615 (5'-GCC-AGC-AGT-CCC- 
GCA-TCA-TCA-T-3') at the 3' end of the mRNA for the bFGF 
receptor (26, 27) were synthesized by Research Genetics (Huntsville, 
AL). The predicted ampliflcation product for human bFGF receptor 
was 617 nucleotides. 

Reaction conditions for reverse transcription were as follows: 1 
mM each dNTP, 1 unit of RNasin, 100 pmol of random hexamer, 1 
ng of total RNA, and 200 units of MoMuLV reverse transcriptase H. 
The reaction was run at 37 'C for 1 L The reaction mixtures were 
then heated at 95 *C for 5 min to denature the RNA-cDNA hybrids 
and quick-chilled on ice. 

The amplification reaction mixture consisted of adding 50 pmol 
each of upstream and downstream primers and 1 imit of Taq DNA 
polymerase to the reverse transcrq>tion reaction. The reaction mix- 
ture was layered with 100 m1 of mineral oil to prevent evaporation. 
O>nditions for ampliflcation were as follows: 30 cycles at 97 "C X 1 
min (denaturation), 63 'C x 1 min (primer annealing), and 72 •C x 
3 min (primer extension). Ampliflcation products were visualized on 
a 1.5% agarose gel developed in 1 X Tris acetate/borate buffer. The 
gel was stained with ethidium bromide and viewed on a UV light box. 

RESULTS 

0 Oligonucleotide primers (IS-mers) conesponding to differ- 
ent sites of the sense or antisense bFGF mRNA were synthe- 
sized in an unmodified form (Table I). These primers were 
directed against either the translation initiation site (AUG 
codon, referred to as AS-1), or codon 60, the first splice donor- 
acceptor site (referred to as AS-2) (25). Antisense primer 
corresponding to the initiation site of the B-chain of human 
platelet-derived growth factor (PDGF) (28) was also synthe- 
sized. Despite extensive sequence similarity between bFGF 
and other members of the FGF family the sequences of the 
primers were sufficiently divergent from the other related 
gene sequences to prevent inappropriate duplex formation 
(29). 

SNB-19 human glioma cells maintained a linear rate of 
growth after conversion from SSM to SFM (Fig. 1). They 
exhibited approximately three cell doublings over an 8-day 
period when maintained in SFM alone. In marked contrast, 
SNB-19 cell growth was dramatically suppressed following 
the addition of bFGF-specific antisense primer AS-2 (25 mM). 
AS-2 inhibited SNB-19 cell growth by 51% compared with a 
SFM control. This effect appeared to be specific since an 
equivalent concentration of the corresponding sense strand 
primer, S-2, had no influence on cell growth. The growth 
inhibitory actions of primer AS-2 did not result from primer 
toxicity since SNB-19 cells resumed a normal growth rate 
after the medium containing primer AS-2 was washed out and 
replaced by SFM alone. Furthermore, growth inhibition re- 
sulting from primer AS-2 could be overridden by adding 
exogenous bFGF to the medium (Fig. 2). The addition of 
bFGF (10 ng/ml) to AS-2 treated SNB-19 cells resulted in 
the same cell density as that observed in SFM alone or S-2- 
tieated cultures. These results suggest that AS-2 treatment 
does not render SNB-19 cells metabolically or bFGF incom- 
petent. 

AS-2 induced growth inhibition was dose-dependent and 
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Table I 

Location and structure of oligonucleotide primers 
Two introns interrupt the human bFGF coding sequence (25). The first intion interrupts the coding sequence 
at codon 60. Sense and antisenee primers corresponded to codons 58-62 which span the furst splice-donor acceptor 
site. The start site refers to the translation initiation (ATG) site. h-bFGF, human basic fibroblast growth factor, 
h-PDGF-B, human platelet-derived growth factor-6-chain. 



Growth factor 


Primer 


Location 


Sequence 


h-bFGF 


Sense 


Codon 58 


5'-CCTCAC-ATC-AAG-CTA-3' 


h-bFGF 


Antisense 


Codon 58 


5-TAG-CTT.GAT-GTG-AGG-3' 


h-bFGF 


Antisense 


Start site 


5 ' .GGC.TGC-CAT-GGT-CCC-3 ' 


h-PDGF-B 


Antisense 


Start site 


5'-GCG-ATT-CAT-GCC-GAC-3' 




Days 

Fig. 1. Inhibition of glioma cell growth in the presence of 
bFGF'Specific antisense oligonucleotide primers. SNB-19 cells 
were plated at a density of 1 x 10* cells/2.1 cm^ well in serum- 
supplemented medium (10% FCS). 18 h later the cells were washed 
three times with PBS and converted to SFM alone (•), SFM plus 25 
mM sense primer (O), or SFM plus 25 >iM antisense primer AS-2 (A). 
One set of wells was maintained in medium with antisense primer 
AS-2 (25 #iM) for 6 days, washed three times with PBS, and converted 
back to SFM alone (V). At the appropriate time points the cells were 
washed two times with PBS, trypsinized, and counted using a hemo- 
cytometer. The data represents the number of cells/dish ± SS). 
Duplicate wells were used for each time point, and the results repre- 
sent the average of two separate experiments^ 



Control 



AS-2 



A&-2 
+ 

bFGF 



Fig. 2. Exogenous haman recombinant-bFGF restores 
SNB-19 cell growth in the presence of bFGF-specific anti- 
sense primer. SNB-19 cells were plated and maintained as described 
in the legend to Fig. 1. 18 h after plating, the cells were washed three 
times with PBS and converted to SFM alone, SFM plus bFGF- 
specific sense primer S-2 (25 ^M), SFM plus bFGF-specific antisense 
primer AS-2 (25 ^m), or SFM pliis bFGF-specific antisense primer 
AS-2 (25 fiM) and human recombinant bFGF (10 ng/ml). 8 days after 
conversion to SFM plus experimental variables, cells were trypsinized 
and counted using a hemocytometer. Two wells were used per condi- 
tion, and the data represent the average of two separate experiments 
± S.D. * Differs from all other conditions at p < 0.01, 

saturable (Fig. 3). The observed saturability suggests that the 
inhibitory actions of the primer were specific and presiunably 
resulted from limiting concentrations of intracellular bFGF. 




Antisense Olioodeoxyrucleotides, t'^ 

Fig. 3. Growth response of SNB-19 cells as a function of 
bFGF-speciHc antisense oligonucleotide primer iAS'2} con- 
centration. SNB-19 cells were plated and maintained as described 
in the legend to Fig. 1. 18 h after plating, the cells were washed three 
times with PBS and converted to SFM with varying concentrations 
of bFGF-specific antisense primer AS-2. 8 days after conversion to 
SFM plus the antisense primer, cells were trypsinized and counted 
using a hemocytometer. Two wells were used per concentration, and 
the data represent the average of two separate e^riments ± S.D. 

AS-2 had a demonstrated Ki of 22 mM. Growth inhibition was 
optimal when AS-2 was added in the 50-75 mM range resulting 
in a 75% reduction in cell growth. In contrast, sense primer, 
S-2, did not inhibit SNB-19 cell growth when tested at con- 
centrations up to 35 MM. When tested at concentrations 
between 50-75 fiM S-2 nonspecifically reduced cell growth by 
10-16%, 

The specificity of antisense primer AS-2 was evaluated by 
testing a second antisense primer complementary to a differ- 
ent site on the bFGF mRNA. A second antisense primer was 
synthesized corresponding to the initiation translation site of 
bFGF (AS-1, Table I). Primer AS-1 suppressed SNB-19 cell 
growth just as effectively as primer AS-2 suggesting that 
growth inhibition was due to the formation of specific com- 
plexes between antisense primers and endogenous bFGF 
mRNA (Fig, 4). Primer AS-1 also showed the same dose- 
dependent influence on growth inhibition as primer AS-2 
(data not shown). An antisense primer unrelated to bFGF 
was also evaluated. This corresponded to the initiation trans- 
lation site of the B -chain of human PDGF, a growth factor 
previously demonstrated in human gliomas (30) (Table I). 
PDGF hais been implicated as a potential autocrine regulator 
of glioma growth (31). Surprisingly, the antisense primer 
directed against the B-chain of human PDGF did not effect 
SNB-19 cell growth when tested at concentrations equivalent 
to those used for bFGF (Fig. 3), Thus, the growth inhibitory 
actions of the bFGF antisense primers appear to be specific 
and due to the formation of specific hybrids between the 
antisense primers and their respective mRNA. 

The lack of growth inhibition observed with bFGF-specific 
sense primer S-2 and the PDGF-B -chain-specific antisense 
primer suggested that the inhibitory effect of the bFGF- 
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Fig. 4. Growth response of SNB-19 cells to bFGF-specific 
and unrelated antisense oligonucleotide primers. SNB-19 cells 
were plated and maintained as described in the legend to Fig. 1. 18 h 
after plating, the cells were washed three times with PBS and con- 
verted to SFM alone (control), SFM plus bFGF-specific sense primer 
(5-2. 35 ^m), SFM plus bFGF-specific antisense primer AS-1 (35 
fiM), SFM plus bFGF-specific antisense primer AS-2 (35 /iM), and 
SFM plus PDGF B-chain-specific antisense primer AS-1 (35 tiM), 8 
days after conversion to SFM plus the respective oligonucleotide 
primer, cells were trypsinized and coimted using a hemocytometer. 
Two wells were used per condition, and the data represent the average 
of three separate experiments ± S.D. * Differs from control, bFGF 
sense, and PDGF-B AS l at p < 0.01. 

specific antisense primers was related to specific alterations 
in bFGF expression. We investigated this possibility by meas- 
uring bFGF protein in SNB-19 cells using a slot-blot immu- 
nodetection technique. bFGF protein was quantitated by slot- 
blot analysis against a standard human recombinant bFGF 
curve. The monoclonal antibody used in the detection of bFGF 
was previously shown to be specific for human bFGF and did 
not cross-react with human acidic fibroblast growth factor 
(17). Furthermore, the antibody recognized the appropriate 
molecular weight forms of bFGF in SNB-19 cells as judged 
by Western blot analysis (17).^ SNB-19 cells grown in serum- 
free medium until approximately 75% confluent exhibited 
5.56 ng of bFGF//ig of protein (Table II). The sense strand 
primer, which did not effect SNB-19 cell growth, correspond- 
ingly had no effort on^N bFGF content. In marked 
contrastf^emUsensepnk^^^ 
KFGF^expf<Msi6n'-^ 
bFGF^ content: 'w 
numtSir-(dafe^6^^^ 
^^9icellfgrowthjga s:dii-ectl ^ 

The relevance of bFGF expression to the growth of human 
glioma ceils was addressed further by investigating the actions 
of bFGF antisense primers on the growth of non-transformed 
human astrocytes. Non-transformed human astrocytes were 
prepared from surgically resected temporal lobe biopsies. Cells 
prepared in this manner were identified as astrocytes based 
upon their expression of the astrocyte intermediate filament 
protein, GFAP (data not shown). As shown in Table III, 
bFGF-specific sense and antisense primers failed to alter the 
growth of non-transformed human astrocytes. Nevertheless, 
the same concentration of antisense primers (25 mM) resulted 
in a 61% inhibition in SNB-19 cell growth. The observation 
that bFGF antisense primers do not effect the growth of non- 
transformed human astrocytes suggests that bFGF is not 
normally expressed in these cells but is activated as a result 
of neoplastic transformation. 

In order to determine if the absence of bFGF in non- 
transformed human astrocytes accounted for the lack of 
growth inhibition by bFGF-specific antisense primers, we 
studied the expression of bFGF mRNA in these cells. This 

^ J. Gross, manuscript in preparation. 



Table II 

Influence of bFGF sense and antisense oUgonudeoUdes on the bFGF 
content of SNB-19 ceils 
SNB-19 cells were plated at a density of 5 x 10* cell8/21-cm'^ plate 
in serum-supplemented medium (10% fetal calf serum). 18 b later the 
cells were washed three times with PBS and converted to SFM alone 
(control), SFM plus bFGF-specific sense primer AS-2 (35 tiu) or 
SFM plus bFGF-specific antisense primer AS-1 (35 /iM). 4 days after 
conversion to SFM plxis primers the cells were trypsinized and 
counted. Equal numbers of cells were removed from each treatment 
(3 X 10^/plate), and cell extracts were prepared as described under 
^'Materials and Methods." Extracts were evaluated for protein content 
and administered to nitrocellulose using a slot-blot apparatus. bFGF 
immunoreactive bands were visualized using alkaline phosphatase- 
conjugated secondary antibodies as described under '"Materials and 
Metiiods.^ The nitrocellulose was washed extensively with water to 
stop the color reaction, dried, and scanned using a densitometer. The 
bFGF content of the various extracts was determined by comparison 
with a human-recombinant bFGF standard curve. The data are 
expressed as the content of bFGF/>(g of extract protein. All immu- 
noreactive bands fell within the linear range of the human recombt- 
nant-bFGF standard curve. Different amounts of extract were also 
evaluated to confirm that the amoimt of extract added to the slot- 
blot was not saturating. The extract from a single plate was tested in 
duplicate. The data represent the average of four separate determi- 
nations ± S.D. * Differs from control and sense primer at p < 0.01. 



Condition 


Cone. 


bFGF 
contenf 


% Reduction 










Control 




5.71 ± 0.37 




Sense primer 


35 


6.44 ± 0.12 


0 


Antisense primer 


35 


1.87 ±0.31* 


67.25 



" ng/Mg protein. 



Table III 

Influence of various growth factor sense and antisense primers on the 
growth of non-transformed human astrocytes in ciUture 
Non-transformed human astrocytes were prepared from temporal 
lobe biopsies as described under "Materials and Methods." These 
cells were plated at a density of 1.5 X 10* cells/2.1 cm'' well in serum- 
supplemented medium (10%). 18 h later the cells were washed three 
times with PBS and converted to chemically defined medium (CDM) 
alone, CDM plus bFGF-specific sense primer S2, CDM plus bFGF- 
specific antisense primer AS-1, or CDM plus bFGF-specific antisense 
primer AS-2. 8 days after conversion to CDM or CDM plus the 
appropriate primers, cells were trypsinized and counted. The data is 
expressed as the average number of cells/well ± S.E. 2 wells were 
used per condition, and the data represent the average of two separate 
experiments. 



Condition 


Cone. 


Cells/well X 
10* ± S.D. 




HM 




CDM 




4.00 ± 0.20 


CDM -t- bFGF (S-2) 


25 


3.80 ± 0,00 


CDM -h bFGF (AS-2) 


25 


3.60 ± 0.60 


CDM -1- bFGF (AS-1) 


25 


3.89 ± 0.08 


CDM + PDGF-B (AS-1) 


25 


3.80 ± 0.57 



was accomplished by amplifying bFGF mRNA target se- 
quences using polymerase chain reaction. Amplification of 
mRNA obtained from two different malignant human glioma 
cell lines yielded the expected amplification product of 179 
base pairs (Fig, 5A, lanes 2 and 5). bFGF mRNA was also 
detected in non-transformed human astrocytes (lane 4), A 
human melanoma cell line also expressed bFGF mRNA (lane 
5), although at reduced levels compared with transformed and 
non -transformed astrocytes. This same line expressed ap- 
proximately 20-fold less bFGF protein by slot-blot analysis.^ 
Normal human skin keratinocytes were used as a negative 
control, since these cells have been shown to express low to 
undetectable levels of bFGF mRNA by Northern blot analysis 
(32, 33). As seen in lane 6 (Fig. 5), normal human skin 
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^ FrCi 5: Analysis of bFOF and bFGF^receptor mRNA by po- 
lymejriMe cjbain reaeHdis, 1 ng of total HKA from $NB^19 glioma 
cellis liane 2), glioma cells {lane 5), norma! human astrot^^tes 

(i(me4)^humfm;mela^ ((one 5) aad:60 ng of p<^A)* "^k^ 

ffom .n6rm^^^ jikinrkeratinocyt^ {^ne 0) was T«vei# ixm< 

scttb^ and amplify 'for eithcr bFdF (it) or HPGE-receptor (B) using 
^rim$J8 ;d^cn^»ed under **Mafeerlals and jMethods^" Fp!iowin^\#^ 

^f ilpnjpiiS^^ df th<f is^a^tionMxtur^^^w^ 

a> X,i% agarose gel and visualiaseS with etludiiim bromide. Xiwi^ J 
tcpresents^XDN^^^^ 7, repre3ents^X174 

pSA/|/aeII| fraOT«?3tt$,-l^FG pair 
fragment (A) and b^GFTiece|>tor primers amplifted a 617-base pair 
fragment (B] as predicted* Tb^; gels are representative' of four 
'separate erp^ 

keraUh<Kytes also expressed significantly less bFGF mRNA 
than brain*deriyed cells. 

However; normal human ^skin keratinocytes and, human 
^iE^|atit<>©?t <cell|^ exptj^ssed 4.$ig]^ appliScatipin pr<Qdu<$ 
for b]^iF*receptor mjilN 

of ajoapfficati^^ related 1^ %et 

integnty of cellular mRNAv The presence of bFGf'-receptor 
mRNA is consistent with reports deznonsirating that bFGF 
is' a |iK)tentvihitQg^ and human skin 

keratinocytes (32; 34). Transformed and non-transformed 
human d^ocyij^ klso expressed mRNA for the bFGF recep- 
tory consistent with their demonstrated responsiveness to 
bFGF. 

DISCUSSION 

The over expression of growth factors and their receptors 
ims bees^ implicated in the genesis and maintenance of a 
vaife^ oi human iii^lSasms,^^te 

receptor c-neu (c-eribB?2) has been detected! ih a s^ficaht. 
«iumte?r;of 1^ (^) while the epid^^ 

growth facidr receptor is amplid^ in approximately 30-4dS 
of human gUdmas (36). An^)!ificatibn of bFGF-related mtr2. 
jemdiiP^t genes ha^ fiOlso beefi^bbs^^ in a iunaU peicentj^e of 
breast. tumors (37)1 

Bisic fibroblast i^coWth: factdr, ai potent irilt<^«iic and, 
an^qgenic protein, has been; implicated as a potential regu- 
lator ofrtumpr IVaJisfectipn of ^ (19) 
baby hamster kidney cells (20) and murine melanocytes (21) 
wih bf(5F <cPI^A epjress^bn yectprs supports the concept 
that dterationsun bF(^F! e3;piessIon promote anchora^-ih- 
<iepettdent grpwi^i and n^^ transfprination invi^. 
•^Aitiidiigh there is no evidence that b]^(jr3F is direirtliy reUted 
to ma%nant^ transformation in vivo, bFGF has been associ* 
jatod with autonomo.ys cell groi??th in s^jyerial types df ^hun^ah, 
tumors, including melanoma (38, 39) bladder and kidney (40), 
:xh|bdpinypsa^ (41), mi AffiS^Kapp^iV sai^^ (42). 

Our results suggest that bFOF may al^^ 
cell growth.on neoplastic glfalcells. Human glioma cells have 
recently been shown to express bFGF mRNA (43),^ ht'GF 

^R. S. Morrison* manuscript in preparation. 



protein (16, 17)i and high affinity faP(}F receptors (17). Thus, 
dl of the<»rnponente^r^ 

exist in some glioma celk. Addition oif exbgenous bFGF to, 
hujn^angUpma; in culjture.en^ proliferaitidn (17, 
18): Malignant glioma cells grow exc^tibrially well in sextim^ 
free mediuin and in soft agar (17, 22) 50^ the 
expression of high levels of intracettular bF(3F^ A corrc^latidn 
be:tweeti inj^cellolar .bFGF cpn^nt and the degree of malig- 
nancy in gliomas might explain wl^hi^iyrnalignant gliomas 
are less responsiye tp exogenpus bFGF compared with normal 
a^rocjrtes (23) and beiiign gliomas (18); 

l^il^yppthl^isiihat^ 
.aut<><^^!i^%^^^^ 

^; :|tei«|fedi|5a The specificity of tKe antisenie primers was sup- 
ppitMl^iS^ t) AbFGF-spe^ifi^ 

strand primer lacked growUi inhH)itory ^activity; 2) ^wtb 
thhibitipn was obseiyed with; two <Mereni^ bFOF-specific 
antisense primers corre^nding to di^erent sit^ of tfie bFGF 
inRI^A; 3) a SJI)0F# icludn-gp^ci^ jMitisenser primer al^ 
liacked growth inhibitory activity; 4) growti inhibition was 
dc^ dependent and saturable; 5) bFGF-sp^fic sense primers 
did iiot effect bF'GF content in SNB 19 ceUa, wiiile bFGF- 
si;N^ific antisense prwer^ reduced l^e.bFGF content of SNB* 
19 ceils by 67%; and 6) bF6F*specific antisense primers did 
lipt inhibit the growth of non-transformed cells., WHle these 
results do not: rule out a contribution by other growth Jsictors 
to &e growth oif $NB-19 cell^ tilery desudyde^ that 
endog^ous bFGF promotes ;SNB-19 cell growth. 

tA> large jprbpprtipn of humsga gHoma cell line^ l^ve also 
been shown to eiqpress iPDGF genes (A- and B-chains) and 
produce PPOlf-lifce pojrth fadtpr^ (44); jEJp^ei^r; not all 
gliomaxell lines producing PDGF-like £^wth factors ejqpress 
PDGF receptors (30, 45). Hema^^ qL^ (^) receiitly 
demonstrated the expression.of all three genes (PDSF A> B, 
and ■ receptor) iti glioma cells by in siiu hybridization. Inter- 
estingly, tiieA-chain mRNA was predominandy e3:pressediin 
areas of %htly packied i^^^ The PDGF Arphain does 

not stimulate DNA $ynt^esis as effectively as the Brchain or 
the AB-heterpdimer (47). A growth fecit^ has -recently \mn 
purified from ^ioma cells tbat is structurally similar to the 
PEKJF A-chain ^^i^im^r C4$)- ^lipina-denved growth 
factor possessed only limi^ mitogehic activity consistent 
Wijhp^eyiw*^^ the ai?ti?fcfity 6f hpiftPdhate^ 
Thus, the absence .of PI>GF receiH^ors on glioma ceU lims 
expressing PDCjP and the predpmiharit expression of the 
weakly mitogehic PDGF A-chain by glioma cells makes it 
difiSciilt to deifine a jrole for PDGF in the piogressiph olhiunatf 
gliomas. In addition to PDGF, {ysproximately 40%.of malijg- 
nanthuman gliomas overexpress the iBGF recG|>tpr g^ (36)v 
Sirice thiP? locus is not over^ all gliomas ^d only 

about/ 50% of all gliomas exhibit gene amplification (49)^ 
changes in this particular: loksus may hpt* be a mefch^ipism fo^^ 
the formation of all mali|[nant gliomas. 

In coxitras^ the pr^rice^pf bF<}F h^^^ dem- 
oiiis^ated Irmnunocytochemiically in 16/16 htmiian astrocyto- 
ma's and? 11/12 gUbbiastoina's implicating bF^F ih, the; pro- 
gre^tpn of malignant gliomas (16). The mechanism by which 
bFGF sustains glioma cell growth is; not understood! Basic 
FGF appears to lack a sigrwl sequence (26^ 50) that would 
direct: its release along conventiorwd secretory pathways. Al* 
thou^ the occtui^hce of soluble hEQF has been described 
(20; 51), the concentrations are usually quite:low^ so thatthe 
vast majority of bFQF appears intracellular}y bpun There- 
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fore, glioma growth could be regulated in an autocrine manner 
by intracellular bFGF as suggested for PDGF (52). However, 
the release of bFGF by unique secretory pathways or by 
leakage from dying cells has not been ruled out, consistent 
with recent reports demonstrating that secreted forms of 
bFGF are more effective at regulating phenotypic transfor- 
mation (53-55). We have detected extremely low quantities 
of immunoreactive bFGF. in medium conditioned by glioma 
cell lines (less than 0.1% of total cellular bFGF) (17). How- 
ever, we have found that anti-bFGF monoclonal antibodies 
retard the growth of several human glioma cell lines (30%) 
after addition to the culture medium, suggesting the presence 
of extracellular bFGF.^ Thus, we cannot rule out the possibil- 
ity that a small percentage of SNB-19-derived bFGF is se- 
creted or released from cells where it initiates its action 
extracellularly. Since bFGF-specific antisense primers would 
be expected to reduce total cellular synthesis of bFGF, its 
release by SNB-19 cells could also be effected. 

bFGF has recently been shown to belong to a family of 
structurally related proteins (4). Several members of this 
family. hst/K-FGF, FGF-5, and KGF are synthesized with 
hydrophobic signal sequences that permit cellular secretion 
(56-58). It is not known if glioma cells express other members 
of the FGF family in addition to basic and acidic FGF (59). 
The expression of these two FGFs by glioma cells may indicate 
a breakdown in the regulation of this growth factor family in 
brain tumors. 

The lack of growth inhibition observed with antisense 
primers on non-transformed human glia further suggests that 
bFGF expression is relevant to the growth of human gliomas. 
Non-transformed astrocytes express bFGF mRNA as shown 
by polymerase chain reaction analysis. Therefore, the mere 
presence of bFGF is not sufficient to promote abnormal 
cellular growth. One explanation is that glioma cells express 
elevated levels of bFGF compared with non-transformed as- 
trocytes. Alternatively, glioma cells may express unique bFGF 
isoforms with enhanced mitogenic and angiogenic activity. It 
is also possible that non-transformed cells are not affected by 
bFGF-specific antisense primers because the total contribu- 
tion made by bFGF to their growth is very small compared 
with its contribution to the growth of transformed glia. Alter- 
natively, the expression of bFGF in non-transformed astro- 
cytes may be so low that bFGF antisense primers do not effect 
a significant change in bFGF levels. It remains to be seen 
whether all bFGF mRNA transcripts can be inactivated using 
antisense primers or antisense vectors. Finally, we cannot 
rule out the possibility that changes in the bFGF receptor 
contribute to neoplastic progression in astrocytes. Alterations 
in receptor structure could influence receptor compartmen- 
talization making the bFGF receptor more accessible to intra- 
cellular bFGF. 

In simimary, the present data indicate that himaan glial 
cells have the capacity to express bFGF and that alterations 
in FGF expression may play a role in the development and 
progression of human gliomas. bFGF-specific antisense 
primers have proven an effective tool to modulate bFGF 
expression in glioma cells and may eventually be applied to 
control the growth of these cells. Since bFGF expression is 
observed in both transformed and non-transformed astro- 
cytes, characterizing the bFGF receptor and bFGF isoforms 
in these cells may shed light on the role of bFGF in neoplastic 
transformation. 
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ABSTRACT \ joiur antis^e^RT^ synthesizi^ from 
cDNA-donescddy^ 

^ndbi^e A^^^^ w^^Tus inhibition was specific 

bkatiseliie an RN As did not blodi the expression of the 
Cl~ channels, also encoded by Torpedo electroplaque mRNA. 
Experiments with incomplete antisense RNAs and a synthetic 
oligonucleotide indicate that covering the ribosome bhiding 
site or the initiation codon in the mRNA is not a necessary 
requirement for efficient blocking. Thus, the use of antisense 
RNAs combined with the Xenopus oocyte system provides a 
novel approach to screen cDNA libraries for the genes coding 
for multisubunit neurotransmitter receptors. 

It was recently discovered that gene expression in prokary- 
otes and in various cells, including Xenopus oocytes and 
mammalian cells, can be selectively inhibited by antisense 
RNA, that is, RNA that is complementary to a target RNA 
(see ref. 1 for a review). This inhibition sometimes involves 
a hybridization between an antisense RNA and its counter- 
part mRNA, which results in an inhibition of mRNA trans- 
lation. Thus, antisense RNAs can be used for identifying a 
gene product of interest and studying its function as well as 
its role in early development. 

To examine the applicability of antisense RNAs to the 
study of neurotransmitter receptors, which are key mole- 
cules in synaptic communication and also may play an 
important role in the formation of synaptic connections (2, 
3), we have examined the effect of antisense RNAs on the 
functional expression of the multisubunit nicotinic acetyl- 
choline (AcCho) receptor (AcChoR) of the electric organ of 
Torpedo in Xenopus oocytes. 

MATERIALS AND METHODS 

Plasmlds. Full-length Torpedo AcChoR cDNA clones (4, 
5) were provided by T. Claudio (Yale University; a, )3, y, 
and 6 subunits) and S. Heinemann (Salk Institute; y subunit). 
The cDNA inserts were excised from vectors and inserted 
into plasmids pSP64 (-y^subunit cDNA) or pGEM4 (a-, /5-, 
and 5-subunit cDNAs). For in vitro transcription the result- 
ing plasmids were linearized by digestion with HindlW (a), 
Xba I (y and 6), or Nae I ifi) and were used as templates. 

mRNA Preparation. Total RNAs were extracted either 
from Torpedo electric organ or cat denervated muscles, and 
poly(A)'*' mRNAs were obtained by oIigo(dT)-cellulose 
chromatography as described (6). 
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In Vitro Transcription. The bacteriophage SP6 or T7 RNA 
polymerases were used to synthesize antisense RNAs in the 
presence of the cap analog GpppG by using 10 /ig of 
linearized DNA as template as described (7-9). After syn- 
thesis, RNase-free DNase was added to a concentration of 1 
unit per /ig of DNA. Following phenol/chloroform extrac- 
tion, the RNA was recovered by precipitation with ethanol 
and finally was dissolved in distilled water for injection into 
the oocytes. 

Translation in Xenopus Oocytes. Xenopus oocytes were 
injected {ca. 50 nl) with Torpedo mRNA («50 n^ alone or 
together with antisense RNA (^10 ng) and cultured at 16'*C 
in modified Barth*s medium containing gentamicin (0.1 
mg/ml) and nystatin (50 units per ml) as in ref. 6. In some 
experiments, the oocytes were incubated in the presence of 
["S]methionine (1 mCi/ml; 1 Ci = 37 GBq). 

bnmunoprecipitation. For identification of the AcChoR 
subunits, ^^S-labeled oocyte translation products were 
healed to 100°C in 1% NaDodS04/5 mM EDTA for 3 min 
and were diluted with 4 volumes of buffer (60 mM Tris 
chloride. pH 7.6/6 mM EDTA/190 mM NaCl/1.25% Triton 
X-100). After addition of rat antisera raised against 
NaDodS04-denatured AcChoR and incubation for at least 12 
hr at 4^C, immunocomplexes were adsorbed to protein 
A-Sepharose gel. The gels were then processed as described 
(10) and analyzed by NaDodS04 gel electrophoresis (11). 

Electrophysiology. This was carried out as described (6, 
12) with the oocyte membrane potential clamped at -60 
mV. Atropine (0.5 - 1.0 fiM) was used to block any possible 
muscarinic responses to AcCho (12). 

Other. Restriction enzyme digestions were carried out as 
instructed by the supplier. The oligonucleotide was synthe- 
sized by using an automatic DNA synthesizer (Applied 
Biosystems, Foster City, CA). 

RIESULTS 

Effect of Antisense RNAs on the Expression of Torpedo 
AcCho Receptors. It is well known that the AcChoR of 
Torpedo is a heteropolymer composed of five subunits of 
four different types aj, /3, y, and 6 (for reviews, see refs. 
13-16). To obtain sufficient quantities of the four subunit- 
specific antisense RNAs, the cDNAs of the AcChoR sub- 
units were inserted into plasmid vectors containing a phage 
SP6 promoter or both SP6 and T7 promoters. In vitro 
transcription of linearized plasmids by either SP6 or T7 
polymerases (see Materials and Methods) generated pure 
preparations of the subunit-speciHc antisense RNAs (Fig. 
L4). Typically, we obtained 1-2 ^ig of capped antisense RNA 
per /tg of DNA. 

We have shown (11, 17, 18) that injection of Torpedo 
electroplaque mRNA into Xenopus oocytes leads to the 
synthesis of the receptor subunits and to the incorporation of 

Abbreviations: AcCho, acetylcholine; AcChoR. acetylcholine re- 
ceptor. 
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Fig. 1. (A) Agarose gel electrophoresis analysis of AcChoR 
subunit-specific anttsense RNAs synthesized in vitro. The length 
standard was ffi/idlll-digested phage PM2. (0) NaDodS04 gel 
electrophoretic analysis of the AcChoR subunits synthesized in 
oocytes and immunoprecipitated with antibodies raised against 
NaDodS04-denatured AcChoR. The immunoprecipitates were ob- 
tained from 10 oocytes injected with Torpedo mRNA alone (lane 1) 
and Torpedo mRNA with antisense a-subunit RNA (lane 2). The 
positions of the AcChoR subunits purified from Torpedo electric 
organ are marked by arrows. 

functional Torpedo AcChoR in the oocyte* s surface mem- 
brane. Therefore, we used Xenopus oocytes to examine the 
effect of each subunit-specific antisense RNA on the trans- 
lation of ail four subunit mRNAs and on the expression of 
functional AcChoRs. 

To study the effect of antisense RNA on specific mRNA 
translation, oocytes were injected with whole Torpedo 
mRNA plus a-subunit antisense RNA and incubated in the 
presence of [^^S] methionine. The translation products were 
immunoprecipitated by using polyclonal antibodies against 
Torpedo AcChoR and then were separated by NaDodS04 
gel electrophoresis. As a control, the Torpedo mRNA was 
translated in oocytes in the absence of antisense RNAs and 
processed as the test sample. The /3 and 5 subunits were 
present in both samples, while the a subunit was seen only in 
the control sample (Fig. IB). These results suggest that the 
a-subunit antisense RNA blocks specifically the translation 



of the a-subunit mRNA. In both samples, the presence of the 
y subunit was not very obvious probably because of prote- 
olysis during sample preparations, since the y subunit is 
susceptible to proteolitic degradation (19). The amount of p 
and 6 subunits in the test oocytes appeared to be less than 
those in the control oocytes, suggesting that in oocytes the 
unassembled subunits are degraded more rapidly than as- 
sembled ones, as happens in tissue-cultured muscle cells 
(20). However, the possibility that the a-subunit antisense 
RNA somehow inhibits the translation of the ^ and 5- 
subunit mRNAs is not excluded. 

To study the expression of functional AcChoRs, we mea- 
sured the response to AcCho in oocytes injected with 
Torpedo mRNA alone or with one of the subunit antisense 
RNAs. Oocytes injected with Torpedo mRNA alone gave 
large smooth inward membrane currents in response to bath 
application of AcCho (Fig. 2), and the mean amplitude of the 
currents increased from 3,950 to 10,530 nA with longer times 
after mRNA injection (Table 1). In contrast, the amplitude of 
the currents elicited by AcCho applied to the oocytes 
injected with any of the antisense RNAs was greatly reduced 
(Fig. 2). Mean values of AcCho-activated currents at 3, 5, 
and 7 days after injection are shown in Table 1. At all the 
times examined, the strongest inhibition was consistently 
obtained with the a-subunit antisense RNA. In the experi- 
ment shown in Table 1, the mean currents obtained from 
oocytes injected with both whole Torpedo mRNA and the 
a-subunit antisense RNA were only 0.3-0.7% of that from 
oocytes injected with Torpedo mRNA alone; in other exper- 
iments, an even larger inhibition was observed. A smaller, 
but still large, inhibition was exerted by the y-, or 
5-subunit antisense RNAs. For example, the mean ampli- 
tude of the AcCho-activated current at the various times 
after injection with ^-subunit antisense RNA was reduced to 
2.9-4.3%; with the y- and 5-subunit antisense RNAs, it was 
decreased to 0.9-3.9% and 4.3-9.8%, respectively. Interest- 
ingly, with increasing time after ii\jection, the AcCho* 
activated currents appeared to escape partly from the inhi- 
bition caused by the /9- and 6-subunit antisense RNAs. This 
point will be reported in more detail at a later date. 

Effect of Antisense RNA on the Expression of Torpedo 
Electroplaque Cl~ Channels. We have shown (21) that injec- 
tion of Torpedo electric organ mRNA induces the appear- 
ance of at least two types of membrane channels in Xenopus 
oocytes; an AcCho-activated channel and a voltage- 
activated Cr channel. The Cl~ channel is activated at 
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Fig, 2. AcCho-activated currents recorded in Xenopus oocytes injected with Torpedo mRNA alone or together with antisense RNAs, 
AcCho (100 iM) was applied by bath perfusion for the durations indicated by the bars. Atropine (0.5 /iM) was used to block possible native 
muscarinic responses to AcCho. 
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Table 1. Membrane currents elicited by AcCho in Xenopus oocytes injected with Torpedo 
mRNA alone or together with synthetic antisense RNA 



Injection* 




Current elicited by 100 fiM AcCho,'^ nA 


± SEM 




Day 3 


Day 5 


Day 7 


Torpedo mRNA 












3,950 


± 2,263 (5) 


7,340 ± 1,986 (5) 


10,530 ± 2,680 (4) 


+ anti-a RNA 


10 


± 6 (4) 


20 ± 9 (5) 


77 ± 55 (3) 


+ anti-/3 RNA 


115 


± 33 (4) 


271 ± 56 (5) 


456 ± 150 (4) 


+ anti-y RNA 


152 


± 98 (4) 


63 ± 22 (5) 


147 ± 18 (2) 


+ anti-5 RNA 


170 


± 63 (4) 


722 ± 237 (5) 


(405) (1) 



*Water was added when Torpedo mRNA was injected alone to make its concentration the same as 
when injected with antisense RNA. Anti-a -y, 5) RNAs denote anti-a (/3, y, 5)-subunit antisense 
RNAs. 

^Mean peak amplitudes of current elicited on days 3. 5, and 7 after injection. The numbers in 
parentheses refer to the number of oocytes. All oocytes were from the same donor. 



potentials more positive than about -50 mV and is inacti- 
vated progressively at more negative potentials. 

To test further whether the expression of functional Ac- 
ChoRs was inhibited in a specific manner by the antisense 
RNAs, we also tested the oocytes for the expression of the 
Cl~ channels. Merely by inserting a microelectrode into the 
oocytes, it became evident that the antisense RNAs did not 
block the expression of the CI ~ channels because the resting 
potential was low and close to the chloride equilibrium 
potential, as is the case with oocytes injected with Torpedo 
electroplaque mRNA alone (21). Furthermore, the mem- 
brane conductance, measured from the current required to 
double the membrane potential from -20 to -40 mV, also 
showed that the Cl~ channel was well expressed. For 
example, in one experiment the membrane conductance was 
18.5 ± 3.9 ptS (mean ± SEM) in oocytes injected with 
Torpedo mRNA alone and 17.8 ± 3.3 ftS when they were 
coinjected with Torpedo mRNA and a-subunit antisense 
RNA. Moreover, in both cases the current-voltage relation 
had the nonlinear behavior previously described (21). In 
contrast, the membrane conductance of control oocytes 
injected with combined synthetic a-, y-, and 6-subunit 
sense mRNAs was 3.1 ± 0.5 and the current-voltage 
relation was fairly linear as in noninjected oocytes. 

Length of Antisense RNAs and Potency of Repression. To 
examine the length of antisense RNA required for repressing 
the expression of functional AcChoRs, a-subunit antisense 
RNAs of different lengths were synthesized by using linear- 
ized DNAs at different restriction sites as illustrated in Fig. 



3A. Each antisense RNA, having the same 5' end but 
different 3' ends, was injected into oocytes together with 
whole Torpedo electroplaque mRNA, and the oocytes were 
tested electrophysiologically. The antisense transcripts from 
the DNA linearized with HmdlU or Pvu II abolished almost 
completely the expression of functional AcChoRs, and this 
inhibition appeared to be stable for more than 1 week (Fig. 
W). The HindlU antisense RNA (about 1810 bases) would 
cover all of the protein coding sequence and some of the 5' 
and 3' untranslated portions of the a-subunit mRNA, 
whereas the antisense RNA from the Pvu Il-digested DNA 
template (about 1500 bases) would leave the 5' untranslated 
sequence and 60 codons of protein coding sequence of the 
a-subunit mRNA exposed. In contrast, the antisense RNA 
truncated at the Pst I site (about 420 bases), which would 
cover only the 3' untranslated region and about 1/1 1th of the 
protein coding sequence of the a-subunit mRNA, was less 
potent in inhibiting the expression of AcChoRs, and the 
inhibition was significantly reversed 9 days after injection. 
Thus, it is not necessary to cover the 5' untranslated region 
and/or the sequence around the initiation codon to block the 
translation of the a*subunit mRNA; but hybridization to the 
3' untranslated sequence and/or the small portion of 3' 
coding sequence is not sufficient for potent repression. 

Antisense RNA Concentration and Repression Potency. To 
determine the amount of antiscnse^RNA required to block 
the expression of functional AcChoRs, different amounts of 
the complete a-subunit antisense RNA were injected into the 
oocytes. About 10 ng of the antisense RNA per oocyte was 
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Fic. 3. {A) Schematic representation of linearized plasmid used as a template for synthesis of partial-length antisense RNAs. (fl) Effect of 
different-length antisense a-subunit RNAs on the mean sizes of AcCho-activatcd membrane currents in Xenopus oocytes. The oocytes were 
ii\jected with Torpedo mRNA alone or with antisense RNAs and were examined 3 or 9 days after injection. Responses were measured from 
records similar to those in Fig. 2. In each frame, columns (left to right) give measurements from oocytes injected with Torpedo mRNA alone 
or Torpedo mRNA with //mdlll antisense RNA (no current), Pvu II antisense RNA, or Pst I antisense RNA. Each column represents the mean 
± SEM of three to six determinations. 
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sufficient to block the expression of AcChoR by 99.2% in the 
oocytes that had been coinjected with about 50 ng of whole 
Torpedo mRN A (Fig. 4). Assuming that about 2.4% of the 
total ihRNA in Torpedo electric organ is AcChoR mRNA 
(22), 50 ng of total mRNA would contain about 0.48 ng of the 
a-subunit mRNA and 0.24 ng of each of the other subunit 
mRNAs. 

Nevertheless, 1 ng of antisense RNA was still very potent 
in blocking the appearance of functional AcChoRs (by 
>95%); even with 0.1 ng of antisense RNA, the expression 
was reduced to 22.1% of the control value. It should be 
noted that, in the last instance, the concentration of anti- 
sense RNA would be much lower than that of the target- 
sense mRNA, whereas repression in other systems fre- 
quently requires the antisense RNA to be in great excess. 
The unexpectedly large inhibition with 1 ng (and particularly 
with 0.1 ng) of antisense RNAs may be accounted for, at 
least partly, if in the oocyte an excess of the a subunit is 
required for the efficient assembly of functional AcChoRs, 
as is the case in muscle AcChoR (23). 

Repression by a Synthetic Oligonucleotide. To assess far- 
ther the regions of the a-subunit mRNA that can be covered 
for efficient inhibition of the expression of fu nctiona l Ac- 
ChoR. we synthesized an oligonucleotide (3' CTTTGTG- 
CAAACCAACGAT 5') that is complementary to the coding 
sequence for amino acid residues 4-10 of the a subunit. 
Ii\iection of the oligonucleotide together with whole Torpedo 
mRNA into the oocytes almost completely abolished the 
s^pearance of functional AcChoRs (Fig. 5). The mean Ac- 
Cho-activated current was only 27 nA, as compared to about 
2000 nA in control oocytes ir\jected with Torpedo mRNA 
alone. Since it has been shown that injection of a large 
amount of DNA into Xendpus fertilized eggs is toxic (24, 25), 
it could be thought that the inhibition we observed was due 
to unspecific toxic effects. However, this oligonucleotide 
was much less effective in blocking the functional expression 
of cat muscle AcChoRs (about 47% inhibition) in oocytes 
injected with denervated cat muscle mRNA (see ref. 6). 
Furthermore, oocytes injected with Torpedo mRNA and the 
oligonucleotide were still able to express the CI" channel as 
efRciently as oocytes injected with Torpedo mRNA alone. 
Thus, it is very likely that the oligonucleotide inhibited the 
expression of the Torpedo AcChoR in a specific manner. 
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Fig. 4. Relation between the amount of anti-a-subunit RNA 
ti\jected and the mean size of the AcCho-activated current in 
oocytes 4 days after injection. Bars (left to right) give measurements 
from the oocytes injected with Torpedo mRNA alone or Torpedo 
mRNA mixed with 10 ng. 1 ng, or 0.1 ng of anti-a-subunit RNA. 
Each column represents the mean ± SEM of five to seven mea- 
surements. 
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Fig. 5. Repression of AcChoR synthesis by an oligonucleotide. 
AcCho-activated currents in oocytes iiuected with Torpedo mRNA 
alone («50 ng), with Torpedo mRNA and oligonucleotide («150 
ng), with cat mRNA (»>50 ng) alone, and with cat mRNA and 
oligonucleotide («150 ng). AcCho (100 fiM) was applied by bath 
perfusion during the time indicated by bars. The oocytes were 
examined 3 days after iiuection. 

DISCUSSION 

We have shown previously that Xenopus oocytes injected 
with mRNA derived from Torpedo electric organ acquire 
functional AcChoRs and voltage-activated Cr channels on 
their surface membrane and that this depends on the transla- 
tion of two different mRNAs (21). We now find that AcChoR 
subunit antisense RNAs block the expression of functional 
AcChoRs (Table 1) but not that of the CI" channels. This 
result alone indicates that the antisense RNAs specifically 
inhibit the expression of the AcChoR, a conclusion that is 
strengthened by the observation that receptors and channels 
expressed by other mRNAs were not inhibited by the Tor- 
pedo AcChoR subunit antisense RNAs. For example, when 
mRNA extracted from denervated cat muscle is injected into 
oocytes, it induces the appearance of muscle AcChoRs and 
voltage-activated Na"^ channels in the surface membrane (6, 
26). This induction was not greatiy affected by the injection of 
any AcChoR subunit antisense RNAs (unpublished results). 
Incidentally, this result suggests that the mRNAs coding for 
the Torpedo electric organ and cat muscle AcChoRs do not 
have sufficient homology to enable them to form very stable 
hybrid molecules between the Torpedo AcChoR antisense 
RNA and the cat muscle AcChoR mRNA. 

It is known that an antisense RNA ii\jected into Xenopus 
oocytes forms a hybrid molecule with the corresponding 
mRNA and prevents its translation (27, 28). Furthermore, it 
has been shown that the entire antisense RNA is not 
required to inhibit the translation of the mRNA, although it 
is most effective (see ref. 1). In the case of globin, a 45-base 
antisense RNA covering only the 5' untranslated region of 
the mRNA and an antisense RNA that exposes only the 5' 
untranslated region were as effective as the entire mRNA in 
blocking translation (27). In contrast, antisense RNAs that 
were complementary to the 3' half of the protein coding 
sequence and/or 3' untranslated sequence were unable to 
prevent translation. Therefore, it was suggested that the 5' 
region of the mRNA must be covered by the antisense RNA 
to prevent translation effectively (27), A similar conclusion 
was reached with the thymidine kinase and chloramphenicol 
antisense RNAs (7). Our results (Fig. 3B) again suggest that 
an important antisense region for repressing the translation 
of the AcChoR's a-subunit mRNA is the 5' region of the 
mRNA, but we show further that it is not necessary to cover 
the ribosome binding site or the initiation codon. For in- 
stance, the antisense RNA from the Pvu Il-digested a- 
subunit cDNA, which does not cover the ribosome binding 
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site nor the AUG codon, was still quite effective in inhibiting 
the expression of functional AcChoRs. Interestingly the 
oligonucleotide (19-mer) designed to hybridize to the coding 
sequence for annino acid residues 4-10 of the a siibunit was 
practically as effective as the entire antisense RNA. 

In contrast to the observations mentioned above, a 270- 
base antisense RNA complementary to only the 3' end of the 
mRNA coding for ribosomal protein LI repressed translation 
as effectively as the entire (1300 bases) antisense RNA (28), 
whereas a 140-base antisense RNA that covered the 5' 
untranslated region and the initiation codon was much less 
effective. These results appear to indicate that the accessibil- 
ity of the target mRNA to the antisense RNA and its ability to 
form a stable hybrid molecule are critical factors for repress- 
ing translation » regardless of the region of complementarity. 

Although all of the four subunit antisense RNAs that we 
used were effective in repressing translation, there was 
always some residual AcChoR activity, even when a large 
excess of aiitisense RNA was injected. Furthermore, the 
responses to AcCho appeared to increase with longer incu- 
bation times. This was most obvious in the case of the 
oocytes iiyected with the 5-subunit antisense RNA. At 
present we are unable to explain the basis for these obser- 
vations. However, some residual activity might result if 
AcChoR molecules consisting of only three subunits are able 
to form functional receptors by themselves or by replacing 
the missing subunit with another subunit. In this context it 
should be noted that oocytes injected with coml)inations of 
three subunit-specific mRNAs that included the a-subunit 
mRNA have been shown to respond to AcCho, although the 
curirents elicited were much smaller than those obtained with 
the complete AcChoR molecule (29). The largest response 
(about 10% of that of the complete AcChoR) was obtained 
from oocytes injected with the combination of a-, 0-, and 
y-subunit antisense mRNAs. This is consistent with our 
Hndings that the 5-subunit antisense RNA was the least 
effective Jn preventing the appearance of the functional 
AcChoR in the oocyte's surface membrane. 

One of our objectives was to see how general is the 
inhibition of mRNA translation with antisense RNAs and to 
see if this could be applied to the study of oligomeric 
neurotransmitter receptors. We have demonstrated that the 
functional expression of the multisubunit AcChoR can be 
inhibited with any one of the subunit-specific antisense 
RNAs and that this inhibition was faidy stable for at least 1 
week. Furthermore, we have shown that it is not necessary 
to use a full-length antisense RNA for efficient inhibition and 
that even a small synthetic oligonucleotide is effective in 
preventing translation. 

Another important objective was to test the possibility of 
using antisense RNA for screening a cDNA library. A most 
efficient way of screening is to use hybridization probes such 
as oligonucleotides and antibodies. However, this requires 
the prior purification of the desired protein, which in the 
case of some neurotransmitter receptors is very difficult. 
Since Xenopus oocytes are very sensitive detectors of spe- 
cific mRNAs coding for neurotransmitter receptors and 
voltage-operated channels (6, 17, 26, 30, 31), they can be 
used to screen a cDNA library for the genes encoding their 
structure. For that puipose, a library can be constructed by 
using a vector containing the SP6 or T7 promoter, or both, to 
allow the synthesis of sense or antisense RNA by in vitro 
transcription. The sense RNAs can be directly injected (cf. 
refs. 9 and 29) into the oocytes to test their ability to express 
the desired receptor, or the antisense RNAs can be coii\ject- 
ed with the whole mRNA, containing the desired receptor 
mRNA, into the oocytes to examine their ability to inhibit 
the expression of the receptor. When the expression of a 
functional receptor requires the synthesis of more than one 
type of protein subunit, an approach with antisense RNA 



may be of advantage, since we have shown that any one of 
the subunit antisense RNAs will inhibit the expression of 
functional receptors. Furthermore, as we have shown, full- 
length cDNA clones are not a necessary requirement for 
inhibition by antisense RNA. In contrast, when using sense 
RNA, full-length cDNA clones must be obtained, and all 
subunit mRNAs may need to be injected into the oocyte for 
expression of functional activity. All this might hinder the 
use of sense mRNA screening in the cloning of some 
heterooligomeric receptors or membrane ionic channels. 
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^eUloojaiei Inhibition of Ly-6 expression resulted in the inabUi^ to restimulate in 
vitro, antigen-primed T cells. It also blocked the activation of normal spleen cells by Con A, 
monoclonal antibody (mAb) to CDS, and mAb to Ly-6. In contrast, stimulation of nomfial 
spleen cells with the pharmacological agents PMA + ionomycin were unaflfccted by the inhibition 
of Ly-6 expression. Similar resdts were obtained with the DIO T cell done; stimulation with 
Con A + interleukin 1 (IL-1), antigen-presenting cells (APC), or the donotypic antibody + 
IL-1 was greatly reduced in the presence of antisense oligonucleotides to Ly-6. Stimulation with 
PMA + ionomycin was again unaffected. We also studied the eSect of antisense oligonudeotides 
on stimulation of preactivated DIO cells. Preactivation of DIO cells with Con A + IL-l renders 
them receptive to secondary stimulation by other lymphokines. In this case, antisense oligo- 
nucleotides to Ly-6 had no effect on secondary activation with IL-2, 11^4 + IL-1, or PMA + 
ionomycin. We conclude from these studies that Ly-6 expression is required for T cell receptor 
(TCR)-mediated T cell activation. 



The murine Ly-6 alloantigens are encoded by members 
of a multigene &mily located on chromosome 15 
(1-3). The Ly-6 alloantigens are small phosphatidylinositol 
(Pl)^-anchored, membrane glycoprotebs with a molecular 
weight of 15,000-18,000 (4-6). Members of the Ly-6 family 
are expressed on the sur£ice of a large number of different 
cell types, induding T cells, B cells, thymocytes, macrophages, 
neutrophils, and BM cells (7, 8). Recent studies have shown 
that the expression of the Ly-6A-encoded protein is assodated 
with CD4* T cell activation and the acquisition of immu- 
nocompetence during T cell maturation in the tl^us (^13). 
It has been postulated that Ly-6 antigens, spedfically Ly-6A, 
are mvolved in the transduction of signals originating in the 
CD3-TCR in CD4* cells. We addressed this question by 
specifically inhibiting Ly-6A antigen expression using antisense 
oligonudeotides, and here we show that inhibition of Ly-6 A 
antigen expression resulted in a dramatic inhibition of antigen- 
and mitogen-driven T cell activation without affecting lym- 
phokine or pharmacologically induced T cell response. Thus, 



' Alrbiwiations used in this papen FGG, fowl gamma globulin; PI, phos- 
phatidylinositol; PPD, purified protein derivative of tuberculin. 



it appears as though the Ly-6A antigen plays an important 
role in physiological T cell activation through the CD3/TCR 
complex. 

Materiak and Methods 

Oligonudeotides. Antisense (S'-AGTCTCAGAAGTCTCCAT-S') 
and two control oligonudeotides (5'-GGTCAACGGTGAGGC- 
CAr-3; S'-TCACACTCTTCACAGGTA-a') were synthesized using 
a DNA synthesizer (model 380A; Applied Biosystcms, Foster City, 
CA). Oligonudeotides were puiiEed on OPC columns (Applied 
Biosystems) according to the standard procedure recommended by 
the company, or by polyacryiamide gel electrophoresis followed by 
elation and passage over a Sephadex G-50 column (I%annacia Fine 
Chemicals, IHscataway, NJ). After purification, oligonudeotides 
were resuspended in PBS before use. 

Mice. BALB/c and C3H/HeJ fismalc mice were purchased from 
the Jackson Laboratories, Bar Haibor, Maine. 

T Cell ProUferatUm Assay. Mice were primed with 100 of 
fowl gamma globulin (FGG; Cappcl Laboratories, Malvern, PA) 
in CPA (Difeo Laboratories, Detroit, MI) in the hind footpad. 8 d 
later, draining popliteal lymph nodes were removed and 3 x 10* 
lymph node cells were cultured in 100 /d of RPMI-1640 media 
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(Gibco Laboratories, Grand Island, NY), supplemented with anti- 
biotics, L-glutamine, 1% bt%h mouse serum, and 5 x KT^ M 
2-ME in a 9S-»vell flat-bottomed tissue culture plate (Falcon Lab- 
ware, Lincoln ^k, NJ). At time 0, antisensc oligonucleotides at 
a concentration of 7.0 in PBS or PBS alone were added to cell 
cultures. 5^r 50 of FGG or 50 fig of purified protein derivative 
of tuberculin (PPD; Suten Serum Institute, Copenhagen, Den- 
mark) were added to cultures 0, 24, or 48 h after addition of oligo- 
nucleotides. Cultures were incubated for 72 b after the addition 
of antigen. Cell proli£eration was assayed by the addition of 1.0 
pH]tbymkline (6.7 Ci/mmol; New England Nuclear, Boston, 
MA) during the last 12-16 h of culture. Cells were then harvested 
and processed for liquid scintillation measurement of radioactivity. 

SHmukthn of the DWG4 A T CeU Clone. D10.G4.1 T cells (a 
conalbumin plus I-A^-specific T cell clone) were added to culture 
at a concentration of 2 x W cells/well in 100 /il of RPMI-FCS 
media. Antisense oligonucleotides at a concentration of 7.0 ptM 
in PBS or PBS alone were then added to these cell cultures. 24 h 
bter, DIO cells were stimulated with either 10 ng of the antidono- 
typic mAb 3D3 + 10"' M rILl, 50 /tg/ml conalbumin + 10^ 
mitomycin C-treated AKR spleen cells (which serve as APC), 1.5 
ftg/val Con A + 10"' M rlL-l, or a mixture of 1.0 ;ig/ml of PMA 
and 10.0 fig/ml of ionomycin. Cultures were incubated for 72 h 
after the addition of antigen, antibody, or pharmacological agents. 
Cell proliferation was assayed as described above, 

Lymphokine-induced ProUferaHon of Preactiwted D10JG4.i Celk 
D10.G4.1 T cells were activated with 1.5 fig Con A + 10"^ M 
ILl for 72 h to make these cells receptive to IIr2- and IIr4-mediated 
proliferation (14). Activated DIO cells were then harvested, washed, 
and added to culture at a concentration of 2 x 10^ cells/well in 
100 /tl of RPMI-FCS. media. Antisense oUgonucleotides at a con- 
centration of 7.0 ^M in PBS or PBS alone were then added to these 
cell cultures. 24 h later, DIO cells were stimulated with either 10 
ng of mAb 3D3 + W M rlLl, 100 U of rIL-2, 500 U of t\hA 
(Amgen Corp., Thousand Oaks, CA) + 10"' M rIL-1, or a mix- 
ture of 1.0 /ig/ml of PMA and 10.0 iig/m\ of ionomycin. Cultures 
were incubated for 72 h after the addition of antigen, antibody, 



or pharmacological agents. Cell proli£eration was assayed as de- 
scribed earUer. 

In Vitro Stimulation of Naive Spleen Cells. Spleen cells &om naive 
BALB/c mice were added to culture at a concentrarion of 2 x 10^ 
cells/well in 100 of RPMI media containing 10% PCS. Antisense 
oligonucleotides at a concentration of 10.0 /iM were added at time 
0. 24 h later, cells were stimulated with either 1.5 Mg^ml of Con 
A; 145.2C11, an anti-CD3 mAb (19); 70.94. an anti-Ly-6A mAb 
(1); or with a mixture of 1 /ig/ml of PMA and 10 /ig/ml of ion- 
omycin. Cultures were incubated for 72 h after the addition of an- 
rigen, antibody, or pharmacological agents. Cell proliferation was 
assayed as described earlier. 

Fbw Cytometry. 10^ viable cells were resuspended in 100 /il 
PBS + 0.1% sodium axide, and stained vnth biotin-labeled 70.94 
(anti-Ly6A), biotin-labeled Jlj (mAb anti-TVl). FrTC-RL-172 (rat 
mAb anti-mouse CD4), RM2-2 (rat mAb anri-mouse CD2), and 
2C11 (hamster mAb anti-mome CD3). FITC-streptavidin (Zymed 
Laboratories, South San Francisco, CA), FITC-F(ai)')2 mouse anti- 
rat Ig 0ackson ImmunoRcsearch, West Grove, PA), or FITC-IgG 
fraction of goat anti-hamster Ig (Cappel Laboratories) were used 
as the second stage resents. Fluorescence analysis was carried out 
on an EPICS Profile Analyzer (Coulter Immunology. Hialeah, FL). 

Results and Discussion 

It was recently shown that the presence in vitro of DN A 
oligonucleotides complementary to a portion of mRN A en- 
coding a particular protein (antisense oligonucleotides) can 
effecdvely inhibit the translation of that protein in cultured 
cells (for review see reference 15). We first studied the eflfect 
of antisense oligonucleotides directed against the Ly-6A 
mRN A on secondary in vitro stimulation of in vivo primed 
LN cells. As depicted in Fig. 1 A, LN cells primed to FGG 
in CPA responded poorly to FGG and to PPD when re- 
stimulated in vitro in the presence of Ly-6A antisense oligo- 
nucleotides. Control cultures without oligonucleotides or with 
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Figure I. Inhibition of T cdl proBfieratioii by antisense oligonudeotidci to the Ly-6A anttgen. (A) FGG/CFA primed LN cells were re- 
stsmulated in vitro with 5 or 50 fig/ml FGG or 50 fig/tol PPD 0, 24. or 48 h after the addition of oligonucleotides. CeU pioU^tion was 
assjyed 72 h after the addition of antigen (Materials and Methods). AU assays were performed in tripUcaU. Standard deviations were omit- 
ted for simplicity and were generally within 10-15% of the mean. {*) Not done (JB) Naive spleen cells were stimulated in vitro with 
PMA + ionomycin (PMA + Ca), mAb to Ly-6A (Ly-6A). mAb to CD3 (CD3), or Con A 24 h after the addition of oligonucleotides. 
Cell proliferation was assayed 72 h later. Results are presented as the mean response of triplicate cultures ± SEM, 
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irrelevant oligonucleotides responded very well. In this par- 
ticular experiment, inhibition of proliferation was least ap- 
parent at time 0 and most apparent 48 h after the addition 
of antisense oligonucleotides. This was not always the case; 
in some ocperiments, the peak of inhibition was seen 24 h 
after the addition of the antisense oligonucleotides. 

In Fig. 1 B, normal spleen cells were stimulated with the 
T cell mitogen Con A, anti-CD3 mAb, anti-Ly-6A mAb, 
or the combination of PMA and ionomycin, a calcium iono- 
phore. In the presence of Ly-6A antisense oligonucleotides 
T ceU activation was always inhibited except when the phar- 
macological agents PMA and ionomycin were used to in- 
duce cellular proliferation (Fig. 1 B). It is important to note 
that all the activation signals that were inhibited by Ly-6A 
antisense oligonucleotides have been previously shovra to be 
delivered through the CD3/TeR complex (11, 14, 16). 

We then tested whether Ly-6 A antisense oligonucleotides 
could inhibit the proliferation of a cloned CD4^, antigen- 
specific T cell line. We used the T cell done D10.G4.1 (DIO). 
a conalbumin plus I-A^spccific Th2 T cell clone (17). DIO 
cells were stimulated with either antigen plus I-A^^ APCs, 
Con A + ILl. 3D3 (an anticlonotypic mAb, 18) + ILl, 
or PMA + ionomycin. The residts iflustrated in Fig. 2 show 
once again that activation with anti-TCR antibodies, mitogen, 
and antigen was inhibited in the presence of Ly-6 A antisense 
oligonucleotides but not in the presence of an irrelevant oli- 
gonudeotide (Hg. 2). Again, activation by PMA + ionomycin 
in the presence of Ly-6A antisense oligonudeotides was 
unaffected. 

The activation pathway of the DIO clone allowed us to 
further define the stage of activation where the Ly-6A an- 



tigen is required. It was previously shown that the DID done 
first requires an activation signal such as Con A + ILl in 
order to be receptive to stimulation by other lymphokincs 
such as IIr2 or IL4 + ILl (14). In the experiments shown 
in Fig. 3, DIO cells were fint activated with Con A + ILl 
for 3 d, washed, and restimulated with IL2, IL4 + ILl, 
3D3 + ILl, or PMA + ionomydn. In this case, the pres- 
ence of Ly-6A antisense oligonudeotides had no effect on 
the secondary activation by IL2, IL4 + ILl, or PMA + 
ionomydn. Only the physiological activation by the clono- 
typic antibody 3D3 + ILl was greatly reduced, since a preac- 
tivation step is not required. It seems therefisre that once DIO 
cells receive the first activation signal by Con A + ILl, Ly- 
6 A is no longer required for activation by other l3rmphokinei. 

The inhibitory effects of Ly-6A antisense oligonucleotides 
on T cell activation appear to be due to the inhibition of 
Ly-6A expression during activation. Flow cytometric anal- 
ysis of LN cells stimulated with FGG in the presence of Ly- 
6A antisense oligonucleotides showed that the expression of 
Ly-6A membrane antigens was specifically reduced by 60-80% 
as compared with cells stiniulated in the absence of oligonu- 
deotides or in the presence of irrdevant oligonudeotides (Hg. 
4). The expression of Thy-1 (another Pl-linked protein), CD2, 
CD3, and CD4, all of which were shown to be involved in 
T cell activation, was unaffected (Fig, 4). Similar selective 
reduction of Ly-6A antigen expression by Ly-6A antisense 
oligonucleotides was also seen on DIO cells stimulated by 
Con A + ILl (data not shown). 

These results indicate that the expression of the Ly-6 A pro- 
tein on the cell surfiice is required for TCR-mediated activa- 
tion of CD4* T cells. Thus, activation by antigen + MHC, 
mitogen, and anti-TCR antibodies was inhibited by Ly-6A- 
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Figufe 2. InhibitioQ of piolifention of the andgec-spedfic T cell 
done D10.G4.1 by antisense oligonucleotides to the Ly^A antigen. 
2 X 10* DIO cells were cultured for 24 h with antisense or control 
oligoQucleotides and then sdxnuUted with PMA + ionomycin (PMA 
+ Ca), Con A + 11,1, cona&wnin + APCs (Ag + MHC), or the 
mAb 3D3 + 11,1. Cell proli£ention was assayed 72 h later. Results 
ate presented as the mean response of triplicate cultures ± SEM. 
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Figure 3. Antisense oligonuqleotides to Ly-6A do not inhibit 
lymphokine-inducftd prolifeiation of preactivated D10.G4.1 cells, DIO 
cclb were fint activated with Con A + ILl for 72 h. 2 x 10* acti- 
vated DIO cdls were then cultured for 24 h with antisense or control 
oligonucleotides followed by stimulation with PMA + ionomycin 
(PMA + Ca), the mAb 3D3 + IM (3D3 + 0,1), IM + IM, or 
11,2. CcU prolifciation was assayed 72 h later. Results are presented as 
the mean response of triplicate cultures ± SEM. 
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LCX3 FLUORESCENCE INTENSITY 

Fi^re 4. Inhibition of membrane Ly-6A antigeo expression on oelU treated with antisense oligonucleotides to Ly-6A. Primed LN T cells 
(JUd + complement-treated LN edit) were cultured iot 24 h with antisense or control oligonudeotides and then itimulated with 50 
fig/m\ of antigen. 24 h laur cells were harvested and stained with anti-Ly^A, anti-CD2, anti-CD3, anti-CD4, or anti-Tby-1. {Bmietn lines) 
cells from cultures containing Ly^A antisense oligonucleotides. (Solid lines) cells from cultures conuining control oligonucleotides. 



specific antisense oligonucleotides, while lymphokine and 
pharmacological activation were unaffected. The fact that an- 
tisense oligonucleotides can inhibit APC-dependent activa- 
tion (mitogen, antigen + MHC, and anti-Ly6A mAb [9, 
19J) and APC-indepeodent responses (anti-CD3 and antidono- 
typic mAb + ILl) precludes the possibility that the antisense 
oligonucleotides inhibit T cell activation by inhibiting the 
expression of Ly-6 antigens only on APC (20). Furthermore, 



flow cytometric analysis confirmed the &ct that Ly-6A an- 
tisense oligonucleotides specifically inhibited Ly-6A expres- 
sion on T cells and T cell clones and did not effect expression 
of CD2. CD3, and CD4, all of which arc sur&ce proteins 
important in T cell activation. It was previously shown that 
T cell hybridomas lacking the expression of Ly-6A, or cells 
treated vnth phosphatidylinositol phospholipase C (PI-PLC) 
to remove all Pl-linked proteins (including aU Ly-6 protcms), 
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show markedly decreased responses to acdvatioD signals trans- 
duced via the TCR (13). It was also shown that crosslinking 
of the Ly-6 surface proteins by mAbs resiilted in T cell acti- 
vation, which in the case of Ly-6A antigens, was dependent 
upon the presence of the CD3/TCR complex (11) since T 
cells that ^d not express the CD3-TCR complex were refrac- 



tory to stimulation by crosslinking Ly^A antigens (11, 12). 
These as well as other studies (9-13) strongly suggested that 
Ly-6-encoded proteins are involved in TCR-mediated signal 
transduction. Our studies indicate that Ly-6A-encoded pro- 
teins are an absolute requirement for optimal activation in- 
duced by this type of signal transduction. 
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